














MEASUREMENT OF AEROACOUSTIC NOISE GENERATED ON  
WIND TURBINE BLADES MODIFIED BY 































Copyright by Michael J. Asheim 2014 





A thesis submitted to the Faculty and Board of Trustees of the Colorado School 
of Mines in partial fulfillment of the requirements for the degree of Doctor of Philosophy 





Date ____________________      
     
     Signed: __________________________________ 




     Signed: __________________________________ 
                 Dr. Catherine Skokan 
                  Thesis Advisor 
 
 
     Signed: __________________________________ 
               Dr. David Munoz 






     Signed: __________________________________ 
               Dr. Greg Jackson 
                    Professor and Head  
             Mechanical Engineering 
             

















 As wind technology becomes a larger portion of the energy production picture, 
the problematic interactions between the machines and society will continue to become 
more pronounced. Of these problems, wind turbine noise is one of the most important to 
the future of wind turbine development. This study looks at the effect trailing edge 
brushes mounted on the 2 bladed Controls Advance Research Turbine (CART 2), 
located at the National Wind Technology Center, have on the overall acoustic and 
aerodynamic performance of the blades. The use of trailing edge brushes reduced the 
aeroacoustic noise by 1.0 to 5.0 dB over the baseline blade, depending on wind speed. 
This acoustic performance comes at a cost to the aerodynamic performance of the 
blades. The aerodynamic performance indicators, such as turbine power and root 
bending moments show that increased drag due to the brushes is the main contributor 
to the reduction in power production. An economic analysis also investigated how to 
best use noise mitigation devices to optimize acoustic, power performance and loads of 
a 600 kW baseline turbine, such as the CART 2. The analysis shows that the use of up 
a noise mitigation device of 4 dB is best used by increasing the rotor diameter and the 
power rating of the machine, from a 43.3 m diameter, 600 kW machine to a 68.8 m 
diameter, 886.7 kW machine. This increase resulted in an annual energy production 
increase of 414% when using a Rayleigh wind distribution with at a mean annual wind 
speed of 8.5 m/s. This is a reduction of cost of energy from $0.0463 per kWh to $0.0422 
kWh. This reduction in energy production costs helps to explain the continuing trend of 
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 Wind energy has become one of the most rapidly growing forms of renewable 
energy production in the early 21st century. With global energy demands higher now 
than ever and with an ever growing population, the world will need sustainable solutions 
to meet the need for electrical energy. Producing energy from the wind is one solution 
that shows great potential to provide a sustainable supply of energy in the future. 
Countries like Denmark have taken the lead with proving the viability of high 
penetrations of wind power in their grid, producing nearly 30% of their annual national 
electrical power from wind in 2013 [1]. The Danish continued investment in wind energy 
projects is a very attractive solution to the energy generation problem which is expected 
to provide Denmark with 50% of its national electrical energy supply by 2020. After 
manufacturing and installation, wind turbines produce energy using a free fuel with no 
chemical pollutants such as CO2 and other combustion products. Routine maintenance 
is required for these machines, as with all machines, but the environmental impact of 
these activities is greatly reduced when compared to conventional energy production 
methods. Wind turbines are typically designed to last 20 years. That is when major 
components are at the end of their design life; however there are many smaller turbines 
which have lasted for over 30 years in continuous operation.  
 
 Wind energy production has its challenges. Wind power is a non-dispatchable 
source of power, meaning that energy can only be made when the wind is blowing. This 
poses some challenges to electrical grid operators as they now have to balance the 
variable load on the lines with variable production from the winds. If large scale energy 
storage became available through combinations of energy storage media such as 
electric vehicles, reservoir pumping, inertial devices or any other form of sizable storage 
then this problem would be greatly reduced. However with the current technology 
available, the most prominent load matching generation that would most likely be used 
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to enable large wind penetration into the grid would be the use of natural gas turbines. 
Natural gas power plants can react very quickly to load changes on the grid and, unlike 
hydroelectric power, are located in great numbers all over the world with potential for 
expansion. 
 
  Another problem with wind turbines has to do with the sheer magnitude 
presented by the machines. With rotors now as large as 164 m in diameter, these 
machines are very visible which some people might feel detracts from the natural 
beauty of the local environment. This is a problem for people living close to the 
machines for a couple of reasons. The most annoying would probably be a 
phenomenon known as shadow flicker. Especially at times when the sun is lower on the 
horizon, such as dawn, dusk and late winter, the shadow cast on the ground by the 
rotating blades can cause a rapid blinking corresponding to a 3P (3 passages per 
rotation) blade passage frequency. If a structure is located in this shadow, the 
occupants would most likely notice and may be disturbed by the flicker of light which 
would happen at around the same time each day.  
 
 As important as these problems are, the problem with wind energy production 
that is the most important to investigate is the fact that these machines generate noise 
which has the potential of being perceived as a nuisance to people living and working 
around the machines for long periods of time. Several studies have shown that wind 
turbine noise, even though relatively low in level, is more annoying than other industrial 
and transportation noise that the public is exposed to on a normal basis [2]. This 
annoyance has been attributed to the fact that noise generated by wind turbines is very 
broadband in frequency content. It also fluctuates rapidly in level with the “3P” blade 
passing frequencies, which cause a constant thumping or swishing sound, known as 
amplitude modulation (AM). Although amplitude modulation can be attributed to many 
complaints by residents near wind farms, it is not the only noise coming from wind 




Wind turbine noise is becoming such an important topic that the Canadian 
government is currently funding a health study on the effects of wind turbine noise [3]. 
Although these studies have already been attacked as biased, they are a sign that the 
potential benefits of sustainable wind power generation will ever increasingly be 
weighed against the potential adverse effects imposed on the environment and the 
residents living near the machines. This balance will greatly affect the public perception 
and acceptance of Horizontal Axis Wind Turbines (HAWT) as a major and visible 
portion of our global energy portfolio.   
1.1 Motivation 
 Wind turbine noise is separated into two main classifications: mechanical and 
aerodynamic noise. Mechanical noise is the noise generated by all mechanical 
components within the wind turbine generator. These include the generator, gearbox, 
cooling fans, auxiliary pumps and fans. This noise is carried from these mechanical 
components and transferred through the structure of the tower and the blades which is 
in turn radiated to the environment. Mechanical noise is usually characterized by tonal 
emissions that result from gear tooth meshing frequencies, cooling fan blade pass 
frequencies or some other predictable mechanical interaction. Acoustically isolating the 
mechanical components with the use of bumpers, mufflers and acoustic absorbers is a 
useful means of reducing mechanical noise emissions [4].  
 
 The second class of wind turbine noise comes from the noise generated by the 
interaction of the unsteady wind flow over the structure of the blades and tower. As wind 
turbine rotors continue to grow, this aerodynamic noise is becoming louder in magnitude 
and also harder to reduce than traditional mechanical noise. Aerodynamic noise can be 
broken into three main groups: 
 
 Low frequency noise (due to blade-tower interactions) 
 Inflow turbulence noise 




 Low frequency noise is almost exclusively related to the 1P and 3P frequencies 
caused by the blades passing the tower are generally louder in downwind HAWT, but 
this low frequency noise can also be heard in upwind designs. The low frequency 
thumping noise that results from these interactions can propagate long distances and 
although it is not always heard by an observer (as the sound is under the audible range 
for most humans) it can react with larger structure such as house walls or other 
buildings. This is typically not a problem for most modern upwind turbines. 
 
 Inflow turbulence noise is caused by the interaction of the unsteady atmospheric 
turbulent eddies that interact with the blade. This noise is characterized by two separate 
mechanisms which generate high and low frequencies. The low frequency noise is a 
result of the interaction of turbulent eddies that are larger in diameter than the chord of 
the blade. These cause a dipole noise source that is proportional to the sixth power of 
the local flow speed (M6)  [5]. Eddies smaller than the chord length generate higher 
frequencies and the acoustic intensity of these emissions scales with the fifth power of 
the local flow speed (M5)  [5]. 
  
 Airfoil self noise is generated from the interaction of flow instabilities in the 
boundary layer with the airfoil surface [6] Airfoil self noise consists of a combination of 
noise generation mechanisms caused by different flow phenomena around the blade, 
which can be seen in figure 1.1. These will be discussed in more detail in the next 
section.  
1.2 Problem Statement 
 As described earlier, wind turbine noise is one of the problems that may be 
viewed in a negative light within society and also cause some potential annoyance for 
people living or working around the machines. There are many different noise sourced 
from the machines and many ways to evaluate these sources will be discussed in detail 





Figure 1.1: Flow Phenomena around the Outboard Section of a Wind Turbine Blade [5] 
 
For mechanical systems, isolation and absorption of vibrations is an important 
first step to reducing the efficiency of transmission of these vibrations throughout the 
machine, which can manifest as airborne noise if allowed to freely propagate through 
large components such as the blades, tower and nacelle. Fortunately the methods for 
vibration dampening are fairly well understood as it is easy to test the components 
within a large controlled testing facility.  
 
Aeroacoustic noise sources are much less well understood and as rotors 
continue to get larger and larger, the aerodynamic noise sources become a larger 
percentage of the total overall acoustic emission of the machine. For these reasons 
study of the aeroacoustic sources and their possible mitigation is very important to the 
future of wind turbine noise reduction. This study will be focused on the effectiveness of 
using trailing edge brushes to reduce noise on an operational wind turbine. The 
following section will examine some of the past studies in wind turbine noise, but the 
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research presented in this work is unique as it is focused on measuring trailing edge 
brushes in the field rather than computationally or with wind tunnel testing. The 
acoustic, aerodynamic and economic costs and benefits will be investigated to evaluate 
if trailing edge brushes would be a potential noise mitigation device capable of 






LITERATURE REVIEW ON AEROACOUSTIC NOISE 
 
 Wind energy has been used for thousands of year to help humanity utilize nature 
to do work for him. The concept of large horizontal axis wind energy machines 
originated in Europe starting in the 14th century. These machines were mainly used to 
produce mechanical energy for the milling of grains or driving other mechanical tasks. 
The classic windmills of Don Quixote’s Spanish plains were a common sight in the 
windswept European continent. The terminology from those machines is still wide 
spread as most people call any horizontal wind energy device a “windmill.” 
 
 The first documented wind turbines used for producing electrical energy were 
produced in the late 19th century and used mainly to charge batteries at private 
residences and were typically drag devices like the classic windmills of Europe. Over 
the early 20th century powered flight began to fascinate the world and the properties of 
airfoil lift and drag began to be actively studied to achieve greater performance of 
airplanes. That effort took humanity from flights of 120 feet lasting several seconds with 
the Wright brothers to the dawn of the jet age by the end of World War 2. In these early 
years of aviation many contraptions were build and tested including the first rotary wing 
aircraft such as the autogyro and the first powered helicopters.  
 
The knowledge gained in the studies to design better wings, rotors and propellers 
began to be applied to wind energy production in the mid-20th century and by the 1960s 
and 1970s several countries were actively pursuing the study of wind turbine energy 
production. This research received a large boost from the OPEC oil embargo of the 
1970s which restricted the flow of oil and gas, increasing the price and highlighted as 
need for more independent energy production methods. Unfortunately in the United 
States, the organized research initiated by the oil crisis began to lose funding as the 
price of oil stabilized and began to drop.  
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However, this did not happen in all countries and in places where wind was a 
readily available resource and the policies favored continued investment in the 
technology, such as Denmark, now leads the world in both power production and 
manufacturing. Their continued investment has made Denmark one of the world leaders 
in wind turbine research and development. The following chapter will look at the specific 
developments and key research that has led to the current understanding of wind 
turbine aeroacoustic noise.  
 
2.1 Literature Review 
 Wind turbine research has only had a significant investment on a large scale 
since the 1970s. The primary focus of effort in the 4 decades since has been on 
developing larger and larger machines that have bigger blades and produce more 
energy. The reasons for this are to reduce the overall cost of energy and make it 
possible to produce a more substantial percentage of the world energy needs from the 
renewable sources without having hundreds of thousands or even millions of smaller 
turbines everywhere.  
 
 The relative infancy of wind energy production and the huge amount of previous 
effort and knowledge that has been invested in other aeronautic fields over the past 
century made it very natural to look at what has been done in these fields and apply that 
to the challenges facing large horizontal wind turbine development. Both fixed and 
rotary wing research can be applied to the greater understanding of aeroacoustic noise 
on wind turbine blades.  
 
2.1.1 Theory of Airfoil Self Noise 
 In 1952 Lighthill presented his first work on aerodynamically generated noise to 
the Royal Society of London [7]. From the work that started here, Lighthill was able to 
derive an acoustic analogy, referred to as Lighthill’s acoustic analogy [7, 8, 9]. “The 
important conclusion is that Lighthill’s theory allows for the computation of the sound 
field radiated by a bounded region of fluctuating (turbulent) flow by solving an analogous 
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problem of forced oscillation, provided that the flow is known [6].” Lighthill’s analogy 
performed a volume integral of the Lighthill tensor which showed that the Reynolds 
stresses dominate the sound field. Equation 2.1, applies the Lighthill’s Tensor, Tij, to the 


































 Powell took a different approach and was able to show that the formation and 
movement of vortices generate the dominant noise sources [10, 11]. The derivation in 
Powell’s analysis results in the inhomogeneous wave equation for the fluctuating 














 Both Powell and Lighthill’s theories are derived from the same equations, 
continuity and momentum, and have been shown to be equivalent [12]. 
 
 Ffowcs Williams and Hawkings first applied the motion of a moving surface into 
the theory [13]. The resulting Ffowcs Williams-Hawkings (FW-H) equation (equation 2.3) 
does a very good job of calculating the airfoil self noise of a moving body provided 






























 This equation has become the basis for some noise prediction codes that either 
calculate the boundary layer or use empirical data to supply boundary layer information 
into the FW-H equation [14]. 
 
 As turbulence passes the trailing edge of a structural body, the relatively random 
turbulent flow in the boundary layer unifies at the trailing edge which enables the flow 
instabilities to become a more effective sound source. This interaction between 
boundary layer flow phenomena and the trailing edge were shown by Ffowcs Williams 
and Hall [15] and MacDonald [16]. MacDonald was also able to show that the noise 
generation mechanisms that correspond to the trailing edge scaled with M5, which can 
be seen in equation 2.4. These studies also suggest that the dominant noise generation 
mechanisms are cause by unsteady flow conditions reacting with the trailing edge. 
Figure 2.1 shows the cosine cubed dependency of the angle between the flow stream 
lines and the trailing edge of the blade ( ). This would indicate why modifying a straight 
trailing edge geometry, such as adding serrations, can be effective at reducing the 











 Based on theory, three noise prediction classes were defined, according to 
Lowson [17]. Class I predict noise based on simple algebraic equations that model 
turbine noise through the use of basic scaling laws. Class II uses some turbine 
parameters including information about the blades, tower, mechanical operation and 
sometime even atmospheric conditions such as surface roughness or turbulence 
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intensity. Class III codes are higher fidelity codes that use all known parameters 
including aerodynamic boundary layer and airfoil information. The next section will 
discuss some of these different noise predictions models and important experimental 
measurements.  
 
Figure 2.1: Geometry Corresponding to Equation 2.4 [5]. 
 
 In recent years, there has been an increase in effort for using computational 
aeroacoustic (CAA) methods to model the flow structures and the interaction of those 
structures with the blade surface. The challenge with CAA is that is it very 
computationally expensive to perform. In order to resolve the smaller length scales that 
are associated with frequencies, the grid meshing sizes need to be smaller than typical 
CFD grid meshes. As computers continue to become more powerful and cheap, CAA 
will mature and become a very valuable tool for acoustic modeling of new blade 
designs, but currently collection of experimental data is one of the most effective ways 
of validating acoustic theories and mitigation concepts. 
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2.1.2 Experimental Aeroacoustic and Semi-Empirical Modeling 
 As the theory suggests, trailing edge noise is the dominant noise generation 
source. This has been best validate on wind turbines in the field by Stefan Oerlemens in 
his acoustic array work through the SIRROCO project, which “aimed to obtain a 
significant noise reduction on dfull0scale wind turbines, without negative effects on the 
aerodynamic performance” [26, 2]. Oerlemans was able to show an average noise 
reduction of 3.2 dB overall sound power level compared to a baseline reference blade 
when trailing edge serrations were added to the outboard sections of a blade. The noise 
generated due to trailing edge phenomena creates an aeroacoustic noise peak which 
spans from hundreds of Hz to thousands of HZ (~300-5000 Hz depending on the 
turbine). With this being the case, the focus of this section will be on aeroacoustic noise 
prediction.   
 
 Besides trailing edge noise, inflow turbulence noise can be a substantial 
component of the overall aeroacoustic noise emission. Grosveld’s Model was able to 
calculate inflow-turbulence noise, trailing-edge noise and bluntness-trailing-edge noise 
[18]. A year later the National Aerospace Laboratory of the Netherlands, NLR increased 
noise prediction capabilities by completing a BEM (Blade Element Model) code that took 
into account much more aerodynamic and boundary layer data [19]. 
 
 The next step in prediction codes, Glegg’s Model, looks at unsteady lift noise, 
noise from the airfoil thickness, trailing edge noise and noise caused by flow separation 
[20]. Glegg incorporates acoustic scattering, tower effects and boundary layer 
predictions. 
 
 In the late 1980’s, NASA performed a very systematic evaluation of noise 
generated by a NACA 0012 airfoil. Brooks, Pope, and Marcolini used eight microphones 
to localize the noise coming from seven 2D airfoil test section [21]. These tests were 
performed in an open test section, anechoic wind tunnel. The noise generated by 
several mechanisms was discovered and semi-empirical predictions could be made 
about similar airfoils operating in the conditions of the tests. Unfortunately the flow 
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speeds were quite low for wind turbine applications, only producing Reynolds numbers 
between 400,000 and 1.5 million. These measurements did provide predictions for 5 
different airfoil self noise generation mechanisms. These are Trailing-Edge noise, 
Separations/Stall noise, Laminar-Boundary–Layer-Vortex-Shedding noise, Tip noise, 
and Bluntness-Trailing-Edge noise. However, due to the higher Reynolds numbers of 
modern wind turbines, the Laminar-Boundary-Layer-Vortex-Shedding noise is not 
usually prevalent.  
 
 The so called, Brooks Pope and Marcolini or BPM measurements and model did 
not include inflow-turbulence noise. Lowson proposed a theory in 1965 on the noise 
contribution from turbulent inflow structures and Amiet continued to elaborate on the 
noise mechanisms associated with turbulent structures in the 1970s [rev 7,8,9]. The IAG 
model later includes inflow turbulence noise, along with the other 5 airfoil self noise 
generation mechanisms in Bareiss’s semi-empirical noise prediction code [22].  
 
 DRAW produced a report through the TNO Institute of Applied Physics. The so 
called TNO study was another anechoic wind tunnel experiment which focused on 
getting detail boundary layer measurements to input to a Ffowcs Williams Hawking 
based noise prediction code [23,24].  
 
 Patrick Moriarty at the National Renewable Energy Laboratory (NREL) wrote a 
semi-empirical design code, NAFNoise which use the BPM or TNO noise models [14]. 
This combined with FAST [25] provides a noise prediction code that performs a blade 
element momentum (BEM) theory for the entire blade. This code will be used to predict 
the noise level of some of the experimental turbines in this project. 
2.1.3 Aeroacoustic Noise Reduction Techniques  
 A practical consideration for noise reduction is addressing surface imperfections 
on the blade. These could be cause by manufacturing problems with slits forming 
between fiberglass laminate layers. Damage to the surface could also result from 
transportation and installation activities. Surface imperfections could also arise from the 
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soiling of the blade due to bugs and dirt or loose tape on the blade surface. All these 
surface imperfections are sources of turbulence and can form eddies which can interact 
with the airfoil surface causing increased airfoil self noise. Therefore, surface 
imperfections should be addressed and minimized if possible.  
 
 Outside of surface imperfections, there are many techniques and theories for 
reducing aeroacoustic noise. These will be discussed in detail in this section. 
 
 When considering noise reduction techniques, it is important to look at the 
frequency content of the original emitted signal from the turbine and account for the 
changes to that signal where it is received, at an observer location. This is dependent 
on many factors including the directionality of the emitted noise source, the site 
conditions and observer location relative to the rotor angle. In addition as Wagner 
states, “the effects of atmospheric absorption and the ground effect, both depending on 
frequency and distance between source and observer” also [2]. The ground vegetation 
will affect the frequencies and distances of propagation.  
 
 ISO 9613-2 describes a standard for dealing with the attenuation of sound 
outdoors [43]. The atmosphere attenuates the acoustic energy more efficiently at higher 
frequencies. Considering this, having a noise reduction technique that can reduce noise 
in the hundreds of Hz frequency range would be more important than an equal near 
field acoustic reduction of the same magnitude in the kHz frequency range.    
2.1.3.1 Changes in Turbine Operation 
 Due to the fact that the aeroacoustic noise scales with by ~M5, the easiest noise 
reduction technique for reducing blade noise is reducing the tip speed of the blades by 
decreasing the maximum rotational speed of the rotor. This has consequences in 
performance of the turbine though. In reducing the maximum rotational speed of the 
turbine one is forced to make a decision between increasing torque on the drive train to 




 In order to increase the torque being collected by the rotor, the blades are forced 
to increase their aerodynamic loading, primarily in lifting force. This comes through 
increased angles of attack which result in more rapid development and growth of the 
boundary layer on the suction side of the blade, which will increase the aeroacoustic 
noise being generated through the suction side turbulent boundary layer noise 
mechanism. This would also increase the static and fatigue loads seen by the blade and 
drive train due to the increased magnitude of the force applied to the blade roots and 
mainshaft.  
 
2.1.3.2 Acoustic Optimization on Airfoils and Surface Treatments 
 Another way to reduce the aeroacoustic noise is by having acoustically optimized 
airfoils. An acoustically optimized airfoil has a very smooth shape, with non-abrupt 
changes in surface curvature. This keeps pressure fluctuations and boundary layer 
turbulence levels relatively low decreasing the noise that is generated from the airfoil 
self noise [26]. One of the problems with this design approach is that because the 
airfoils do not load the blade as much, they are often less effective at generating high lift 
and the resulting torque on the rotor. According to the Joint Opportunities for 
Unconventional and Long term Energy Options (JOULE) II project decreasing the blade 
angle of attack by 1 degree will reduce sound power level by approximately 1 dBA, but 
at a cost of aerodynamic performance and rotor power as the torque force on the rotor 
will be reduced [27].   
 
 In 1978, Hayden suggested that having a flexible or porous surface would reduce 
the surface impedance of the blades [28]. Experiments with rotating wing aircraft and 
simple rotating blades have showed a reduction potential of between 5-10 dB. However, 
when tested in the DELTA Project, that investigated several different trailing edges 
configurations on a full-scale turbine, using open celled foam glued to the trailing edge, 





 In the SIRROCCO project, acoustic airfoils were shown to reduce noise 1-3 dBA 
in wind tunnel measurements but only achieved 0.5 dB in field measurements [41]. In 
both wind tunnel and field measurement campaigns, the aerodynamic performance of 
the airfoils stayed the same or was improved. 
 
2.1.3.3 Tip Shape 
 At the blade tip, high pressure flow from the pressure side of the tip curls around 
to the suction side of the blade due to the pressure difference on those two surfaces. 
This causes a vortex to form at the tip and when that vortex structure interacts with the 
blade surface at the tip, noise is generated.  
 
To get around this, conventional blade design unloads the airfoils in the outboard 
5% of the blade. This reduces the pressure differential across the tip surfaces resulting 
in a vortex that carries less momentum. Another approach to changing the aerodynamic 
loading of the tip is to change the tip shape itself. 
 
 The first experimental investigations into tip shape came from the Braun in 1995. 
Through the JOULE and JOULE II projects, wind tunnel investigations showed that 
different tip shapes including the Ogee and Shark-fin had different noise emission levels 
at different angles of attack, but no decisive reduction was observed for any tip except 
the Ogee (tip O in figure 2.2) [30] The DELTA [29] and DEWI [31] projects saw similar 
reductions in the wind tunnel for the Ogee style tip. When tested in the field, these tips 
did not perform well acoustically. 
 
 GE discussed a recent blade tip study at the 2011 Wind Turbine Noise 
conference in Rome. There they described a method for evaluating three different blade 
tip designs which can be seen in figure 2.3 [32]. The field testing was done by modifying 
all three blade tips and making three independent measurements to evaluate the 





Figure 2.2: Different Tip Shapes from the DELTA [29] and DEWI [31] projects 
 
Both the slender and ogee low noise tips reduced noise over the blunt tip by 5-6 
dBA in apparent sound power level [32]. The slender tip seems to be a common tip 
shape as it is structurally efficient, aesthetically pleasing and effective at pushing the tip 
vortex away from the blade surface so it cannot interact with the surface and trailing 
edge of the blade. All these factors contributed to the success of this blade tip in 
reducing noise levels. The slender blade tip is a very common geometry to what  many 




Figure 2.3: Blunt tip (a), Slender tip (B), Ogee Tip (c) [32] 
  
2.1.3.4 Swept Blade 
 In equation 1.4, Ffowcs Williams and Hall present a cubed cosine of 
dependency on trailing edge noise. Here , is the angle between the normal line to the 
trailing edge structure and the streamlines of the flow at the trailing edge. The 
dependency of the angle between the turbulent eddies and the trailing edge on the 
intensity of the noise produced would suggest that a swept blade would have noise 
reduction characteristics [16]. 
 
 There are several small wind turbines that, due to their high rotational speed, 
create high frequency blade-tower interaction noise. For these machines, like the 
downwind Skystream made by Southwest Power pictured in figure 2.4, the swept 
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blades move through the tower wake over a larger range of azimuth positions when 
compared to straight blades. This reduces the magnitude and abruptness of the noise 
fluctuations resulting in the blade–tower wake interaction. 
 
 
Figure 2.4: Skystream 3.7 – 2.4 kW 
 
 The first large scale swept blade was produced by a company called Knight and 
Carver. The blade was not designed for acoustic reasons though. The swept platform 
allowed the blade designers to exploit the aeroelastic properties which can help shed 
loads [33]. This allowed for a rotor growth of 12%, from 25m to 28m for no sizeable 
increases in extreme gust loading. Currently several wind turbine companies are looking 
to swept rotor deigns, and although there should be some acoustic benefit from these 
swept designs, the primary reason for the designs is to exploit the aeroelastic loads 
reduction benefits of aeroelastic tailored blades. 
2.1.3.5 Trailing Edge Treatments  
 Sharpening the trailing edge is one of the most effective ways of reducing 
aeroacoustic noise. The sharp TE eliminates any tones associated with a blunt trailing 
edge and reduces the intensity of the trailing edge noise emissions. In JOULE II, it was 
shown, in the wind tunnel, that a reduction in trailing edge thickness will shift the 
bluntness noise peak higher in frequency and lower in magnitude depending on the 
amount of sharpening that is done [27]. Figure 2.5 shows the reduction of bluntness 




Figure 2.5: Bluntness Trailing Edge Noise Reduction due to Trailing Edge Sharpness 
[27] 
 
 Serrations, similarly to swept blades, change the angle of the trailing edge to the 
flow and reduce the efficiency of the turbulent vortex structure’s interaction with the 
trailing edge. Howe was the first to take a theoretical look at the serration problem and 
make a prediction of the effectiveness of serration on reducing trailing edge noise. He 
found that the noise reduction potential was more than 20 dB in some cases. Figure 2.6 
shows Howe’s prediction [34]. The predictions assume a local flow velocity of 50 m/s 
and a trailing edge boundary layer thickness of 0.01 m.   
 
 
 Although theoretically serrations offer substantial noise reduction potential, wind 
tunnel tests have suggested that the theoretical values are not currently realizable. 
Dassen in the TWIN program tested some NACA 00XX and NACA 63-6XX airfoils with 
serration in the wind tunnel and saw that a noise reduction of up to 6 dB was achievable 
[33]. However, after a tooth length to width ratio (aspect ratio) of 2:1, no additional noise 
reduction benefits were observed. Similarly in the Joule II project, Klug conducted 





Figure 2.6: Prediction of TE Noise Reduction from different Serration Geometries [34] 
 
 In the Danish Joule project, full scale operational wind turbine rotors were 
modified, but serrations didn’t offer any additional noise reduction benefit compared with 
a sharpened trailing edge [29]. But in the Joule III project, Braun was able to confirm 
that both theoretically and in the wind tunnel, he was able to see serrations reducing 
noise by about 2-3 dB [35]. Similarly to Dassen, Braun saw no noise reduction after a 
tooth aspect ratio of 2:1, but he suggests that the optimal tooth length for noise 
reduction is 20%of the chord.  
 
 In the SIROCCO project, serrations were examined with the use of an acoustic 
phased array of ~150 microphones [26]. The measurements seen in figure 2.7 show 
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one-third octave bands of three different blade configurations. Through this project, it 
was seen that the serrated blade realized a 3.2 dB reduction in aeroacoustic noise.  
 
 
Figure 2.7: SIROCCO Noise Reduction Evaluation through the use of Acoustically 
Optimized Airfoils and TE Serrations [26] 
 
 GE also showed a 2-4 dB reduction based of their testing on serrated edges. In 
addition, they tested two types of porous trailing edges made out of metal foam. Seen in 
figure 2.8, the porous trailing edge foams performed well at low wind speeds, but 
introduced a high amount of noise in the frequencies above 5 kHz. In all the serrated 
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trailing edges reduced the overall sound power level by 2-4 dBA [32]. Serrations have 
been studied in many more computational and experimental studies around the work in 
recent years and it appears to have attracted much attention from researchers. 
 
 
Figure 2.8: Far Field Trailing Edge Noise Spectra from Flow-permeable Trailing Edges 
and Serrations [32] 
  
In addition to trailing edge serrations, trailing edge brushes are also a potential 
noise mitigation solution for wind turbines. In the mid 2000’s, the German national lab 
DLR performed a set of wind tunnel measurements on flat plates with a finite trailing 
edge thickness equipped with trailing edge brushes seen in figure 2.9 [36]. In SIROCCO 
brushes were tested on a Gamesa G58 wind turbine blade [37]. One configuration 
reduced the noise generated by trailing edge effects by ~0.5 dB, mainly in the sub 
1000Hz frequencies. 
 
 In the DLR experiments, brushes between 15 - 60 mm long and 0.3 – 0.5 mm in 
fiber diameter were tested on a series of plate plates. The 4 reference plate lengths 
were 0.8, 1.2, 1.6 and 2.0 m long, which equates to brush lengths from 0.75% up to 
7.5% chord equivalent.  In general, the broadband noise reduction seen, of between 2-
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10 dB, was greater for longer, thicker fibers [38]. Similar trends on noise emission are 
seen with brushes as were seen due sharpening the trailing edge, whereas the noise 




Figure 2.9: DLR Experimental Set-up for TE Brush Measurements [36] 
 
 Herr performed more trailing edge brush studies on a NACA65(12)-10 airfoil with 
a 130 mm chord brushes of different lengths and different densities of brushes was 
presented [47]. Each case still had one single row, but more space was inserted 
between brush fibers within the row. Broadband noise reduction of up to 3 dB was 
achieved. 
 
An experiment campaign took place in the UK to investigate slitted serrations 
which reduced broadband noise by 5 dB. They also tried a randomly distributed TE 
which reduced noise by 3 dB [39]. These experiments show that devices other than 
serrations could prove to provide an effect noise reduction solution to wind turbine 
blades. 
 
In addition to brushes and metal foams, other novel trailing edge concepts have 
been investigated in recent years. Gruber and Joseph at the University of Southampton 
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investigated several slitted, serrated trailing edges with holes and slitted serrated trailing 




Figure 2.10: Slitted trailing edge, serrated trailing edge with holes, and slitted serrated 




2.2 Project Objectives  
 One of the most profound ways that this project can be of benefit to both 
residents near turbine installations and wind park owners/operators would be to find 
ways to reduce the noise emitted by these machines. Trailing edge noise originating 
from several noise sources is the dominant contributor to the overall noise emission of 
wind turbine machines and should therefore be the most important region to investigate 
in order to make the most noticeable and substantial contribution to the goal of reducing 
noise from these machines. 
 
 The focus of this project is to investigate the effects of introducing different 
trailing edge geometries achieved through the addition of trailing edge treatments on a 
full scale wind turbine. The primary objective and novel contribution to the knowledge 
base is the acoustic evaluation of a trailing edge brush concept in operation in the field. 
This type of measurement has not currently been performed. In addition to the brush 
concepts, sharpened TE configurations and TE serrations will be investigated to confirm 
noise reduction findings seen in other studies and evaluate the relative effectiveness of 
using brushes at the trailing edges compared to sharpening or serrating the blades.  
 
As indicated earlier in this document, there have been many studies performed 
which have considered various trailing edge noise generation and reduction strategies. 
A large percentage of this work is modeling coming from either semi-empirical codes or 
computational aeroacoustic (CAA) techniques. The experimental work usually is 
conducted within a wind tunnel or on an operational turbine. The wind tunnel studies 
have looked at many trailing edge geometries including metallic foams, serrations, 
brushes, slitted geometries and random length patterns. This is a good technique for 
evaluating the potential for certain devices, but the only way that the concept can truly 
be studied to evaluate its potential on a wind turbine is to test it in the field.  
 
Through field wind turbine experiments, several parameters such as tip shape 
and trailing edge serration showing good noise reduction from improved geometries for 
the blades. To the author’s knowledge there has never been a parametric field study of 
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trailing edge brushes on an operational turbine. Within this study the effectiveness of 
trailing edge brushes as they look to have potential for reducing overall trailing edge 
blade noise. The aerodynamic performance and economic considerations will be made 
based off of the field measurements to infer the potential usefulness of these devices as 






APPROACH AND DATA ANALYSIS METHODS 
 
Several approaches can be taken to investigate trailing edge noise. Predictions 
based on Ffowcs William and Hawkings theory can be used with empirical noise data to 
evaluate aeroacoustic noise. However, even using the most advanced computational 
techniques for generating aerodynamic data to be used in theoretical predictions and 
noise simulation models, these codes need to be validated experimentally to ensure 
they are reliable and accurate prediction tools for wind turbine noise.  
 
 Experimental evaluation can take place in two locations. The wind tunnel has 
been used for noise evaluation for several decades producing data that is used in many 
semi-empirical acoustic prediction codes. Most acoustic wind tunnel experiments use 
open test sections in an anechoic wind tunnel. Phased acoustic arrays are often used to 
evaluate the intensity, directivity and source location of the noise being generated on 
and around the airfoil test section. Although high quality, systematic data can be taken 
in very controlled conditions, wind tunnel tests have many drawbacks to full scale free 
field acoustic tests. First, due to the steadiness of the flow conditions in a wind tunnel, 
realistic measurements that represent the actual flow conditions seen on the blade 
cannot be created, which are usually dominated by transient behavior in the field. This 
can give rise to discrepancies in the results of wind tunnel measurements and field 
experiments as was seen in the evaluation of tip shape in the DELTA [29] and DEWI 
[31] projects. The discrepancy seen in the field measurements and the wind tunnel can 
originate from several sources including 3D effects on the blade, excessive wind tunnel 
noise, and different measurement methods. In addition to the possibility of poor 
correlation with field tests, wind tunnel tests can often be very expensive with the rental 
of the tunnel, power to run the fans, test section models and support staff to pay for. 
There is also no way to evaluate the three dimensional effects the rotor experiences 
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due to its rotation for rotors that are any larger than a couple of meters in diameter due 
to the size constraints of most wind tunnels around the world.   
 
 The alternative to wind tunnel measurements is to actually test on a turbine and 
measure the effects of trailing edge modifications in the field on a full scale wind turbine. 
Field experiments capture the actual flow conditions that the turbine rotor sees in 
normal operation. Transient conditions dominate operation with changing wind speeds, 
gust, turbulent inflow eddies and wind shear changing aerodynamic loading on the 
blades constantly. This realistic environment presents some measurement challenges; 
however, as the same flow conditions cannot be repeated for a given blade at a 
different point in time, due to the always changing atmospheric conditions in which the 
turbine operates. Because of this, an international measurement standard has been 
adopted for the measurement of wind turbine noise, the IEC Standard 61400-11 [40]. 
The following section will discuss how the standard was used as a framework for the 
acoustic measurement method for this project.  
3.1 Description of Experimental Test Turbine  
The test turbine used in this project is the Controls Advanced Research Turbine 
(CART) 2 at the National Wind Technology Center, seen in figure 3.1. The CART 2 is a 
two bladed, variable speed 600 kW Westinghouse HAWT. The hub height for the 
machine is 36.5 m and a main rotor diameter is 43.28 m. The turbine has variable 
speed operation in Region 2 wind speeds, is torque controlled in Region 2.5 and is pitch 
controlled in Region 3. The main rotor spins with a max of 43 rpm, which in a 12 m/s 
wind equates to a max tip speed of 98.2 m/s (Mach number of 0.289). The blades of this 
turbine have a relatively thick trailing edge on the outboard 35% of the blade [from 7.62 
mm (0.3” or 1% chord) to over 19.05 mm (0.75” or 1.6% chord) at 65% rotor radius]. 
The high tip speed and thick trailing edge offered a good platform for evaluating the 
noise reduction potential of trailing edge brushes, although they do not reflect modern 
technology as most industrial turbines are manufactured with trailing edges less than 2 





Figure 3.1: CART 2 Test Turbine at the Nation Wind Technology Center (NWTC) 
 
3.1.1 CART 2 Instrumentation 
The CART 2 is a highly instrumented wind turbine used for research purposes. 
The main instrumentation used to perform the analysis in this study were electrical line 
power generated, yaw direction, pitch angle, low speed shaft rpm, root bending 
moments, nacelle wind speed and nacelle wind direction. The bias errors in these 
measurement devices can be seen in table 3.1 below. 
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The nacelle wind speed and direction are not the most reliable signals on the 
turbine. The induction and wake of the rotor causes a great distortion in these signals. 
The nacelle wind speed will often show wind speeds that are 1-2 m/s slower than the 
actual free field wind speed. Likewise, the nacelle wind direction is turned by the 
rotation wake of the turbine created by the rotation of the blades. This can cause the 
yaw direction measurement to be off by up to 5 degrees. For this reason these signals 
were not used for the subsequent analysis. Instead meteorological inflow data was used 
for wind speed and direction of the measurements.  
 
Turbine Instrumentation Bias Error 
Line Electrical Power +/- 6 kW 
Yaw Direction +/- 0.015 deg 
Pitch Angle +/- 0.015 deg 
Low Speed Shaft RPM (LSS RPM) +/- 0.02 deg 
Root Bending Moment 5% of full scale 
Nacelle Wind Speed +/- 0.2 m/s 
Nacelle Wind Direction +/- 0.030 deg 
 
   Table 3.1: Turbine Instrumentation Bias Errors   
 
The turbine data signals are all synchronized with a GPS timestamp which aids 
in maintaining consistency between all the measurement systems. 
 
3.2 Meteorological Tower Instrumentation  
A full turbine height meteorological (met) tower is installed upwind when the 
turbine is yawing at direction 292 degrees. The met tower is located 86.6 m from the 
CART 2 turbine, two rotor diameters. The hub height (36.6 m) wind speed and direction 
signals are used for the following analysis. 
 
 Measuring the wind field is a very challenging problem for getting a better 
understanding of the nature of the noise generation on the blades. Here the average 
wind speed is being taken at a small point only sampling a section on the order of 1/10 
m2. This is being compared to the main rotor with a swept area of 1472.5 m2. The wind 
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field contained in that swept area is a very diverse field that is always changing. With 
wind shear and veer, turbulence and convective cells rising all contributing to a unique 
wind pattern hitting the blades all the time, the nature of the blade noise is unique and 
changing all the time also. The wind speed measurements are still very important to the 
analysis of the noise data, but this example is used to highlight one of the challenges of 
getting good quality data. The met signals are all synchronized with GPS timestamps 
like the turbine data. 
 
Meterorological Tower Instrumentation Bias Error 
Hub Height Wind Speed +/- 0.2 m/s 
Hub Height Wind Direction +/- 0.030 deg 
 
Table 3.2: Meteorological Tower Instrumentation Bias Error 
  
3.3 Acoustic Measurement Approach  
There are several types of acoustic measurements that can be made in the field 
on an operating turbine. This section will discuss the strengths and weaknesses of each 
measurement used to describe the acoustic field, as well as discuss some of the 
information that can be gained through the use of these techniques. 
 
3.3.1 IEC Noise Standard and Single Microphone Measurements  
The International Electrotechnical Commission (IEC) developed a list of 
standards for wind turbine generator systems in the late 1990’s in an effort to define 
industry standards for making measurements and comparing turbine outputs such as 
power, power quality and noise. Standard 61400-11 ed3 [40] define a guideline for 
making noise measurements with ground boards using single microphones. The 
standard defines a reference measurement position directly downwind of the turbine. 
The distance from the tower base to the microphone is defined in figure 3.2, as the 
addition of the hub height and rotor radius. The microphone must be placed within 20% 






Figure 3.2: Side view of Upwind HAWT, with the IEC reference position located 
downwind of the turbine [40] 
 
The CART 2 is located on a very flat piece of hard, rocky ground. There was 
some vegetation where the measurements were performed.  However, the vegetation 
was cut to under 4 inches in height for a distance of 5 m away from the soundboard. 
This was done to reduce rustling noise caused by the vegetation in higher speed winds, 
important in the autumn when increased background noise levels can affect the 
measurements. 
 
As seen from the top view in figure 3.3, the reference microphone is to be placed 
within 15 degrees of being directly downwind of the turbine. Additional microphones 
may be used to determine some directionality patterns, but these are not mandatory 




Figure 3.3: Top View of Reference Microphone Location, located at the diamond box 
(Reference position 1) [40] 
 
In order to maintain consistency within the measurements, they were always 
performed with the microphone board located at 292 degrees reference yaw direction. 
Single microphone measurements are performed using a high precision sound power 
level microphone in some reference position. From this measurement average sound 
power levels and frequency spectrum can be determined. These types of 
measurements give constant average sound levels and spectral content of that sound. 
The problem of this type of measurement is that limited information can be gained about 
sound localization or differentiations between blades operating in different geometric 
configurations. 
 
 In the analysis in the next chapter the measurements were all taken at a 
consistent direction and distance from the turbine. The sound pressure level 
measurements are averaged in 10 second bins. This is done to get the highest level of 
35 
 
detail while still not getting too close to synchronization errors within the data. The wind 
field traveling at 10 m/s will take a 8.6 seconds to reach the rotor after it passes the met 
tower. The acoustic emission from the rotor will then take on the order of 0.2 seconds to 
reach the sound board behind the turbine. The equipment being used for the acoustic 
soundboard measurements in the reference position has a measurement uncertainty of 
+/- 0.2 dB. 
 
3.4 Measurement Uncertainty and Nature of Equipment Being Used  
There is a large amount of uncertainty associated with wind turbine 
measurements. These have been studied considerably and the ECN devoted a study to 
the uncertainties associated with outdoor acoustic measurements [42]. It was seen that 
besides operational variation on the rotor plane, acoustics can change considerably on 
a machine due to many factors. One is the size and scale of components. It is 
impossible to make two blades exactly the same when the blades are over 21 m long. 
These variations in geometric scale on the blade can have a notable effect when 
measurements of different turbines or the same model are made. Without making a 
detailed three dimensional scan of the blades, it would be very difficult to know the 
exact geometry of the blades.  For this reason it is very important to measure on the 
same turbine and compare the results for each configuration to each other so that any 
blade to blade variation remain consistent and patterns can be deduced.  
 
The wind field that the rotor is subject to is a very large area (and measurements 
of the entire field are only possible with very sophisticated radar systems. Without the 
use of such measurement systems the entire wind field must be approximated with the 
use of limited instrumentation. 
 
Day-to-day changes seen by the turbine (grease levels in bearings, maintenance, 
etc.) plus the degradation of the blade surface over the lifetime of the turbine (blade 
surface soiling and surface finish degradation) also have an influence on turbine noise 
levels. Typically noise levels trend upward over the lifetime of the turbine due to these 
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factors. The turbine and measurement system remained the same throughout the 
course of the measurements. This is done to reduce the effect that a change in any of 
these systems would bring.  
 
3.4.1 Bruel and Kjaer Microphone and PULSE system 
The microphone that was used for these measurements is a B&K type 4189-L-
001, a half inch diaphragm microphone with matched preamplifier. This is connected to 
a type 3056-A-040 frontend 51.2 kHz input module by a 60 m LEMO cable. The 
prepolarized free-field microphone, utilized B&K’s PULSE system, allows for noise 
measurements to be made with a 0.2 dB with a 95% uncertainty level.  
 
The microphone has an 80 mm hemispherical windscreen on it which helps to 
reduce wind induced noise on the microphone which can be seen in figure 3.4. The IEC 
standard specifies a secondary windscreen which is more effective at reducing the wind 
induced noise, but it also attenuates the overall sound levels at difference frequencies 
depending on the material that is used for the outer covering of the windscreen. For this 
experiment just the primary windscreen is used. 
 
 




The computer and power supply for the measurement frontend was electronically 
isolated from the turbine power thus reducing any direct electrical noise that could be 
picked up by the electrical systems. The acoustic measurement computer was always 
synchronized within 0.2 seconds of the GPS measurement time before any 
measurements began. Over the 4 hour measurement periods the clock drift remained 
minimal and was thus neglected in the analysis.  
 
3.4.2 Challenges of Field Measurements 
Field measurements on wind turbines in normal operation offer several 
advantages and disadvantage when compared to other methods of investigating wind 
turbine noise. The challenges in place on this project will be outlined in this section. The 
CART turbines are rather old machines. They were two of 15 machines that were 
originally installed on Hawaii in 1985. These turbines were brought to the NWTC test 
facility in the 1990’s and the CART 3 was upgraded to a three bladed machine in 2007. 
The age of the machines is a hazard in itself as most machines are only designed to 
operate for 20 years.  This study would not have been possible without the generous 
support of NREL since it is difficult to otherwise locate a turbine available for testing. 
Figure 3.5 shows a satellite image of the CART 2 and the surrounding turbines. The 
CART 3 can be seen to the upper right side of the frame and the Siemens turbine can 
be seen at the bottom right.  
 
Just before the beginning of the acoustic experiments, the gearbox of the CART 
2 was replaced because it was damaged beyond repair. The CART 2 is used mainly for 
controls research work and several projects including the installation of a forward facing 
Lidar were performed over the timeframe of taking all the acoustic measurements. The 
turbine control system was also updated from a DOS based interface to LabView which 
happened between the baseline and sharp TE measurements and when the brushes 
were installed. The controller operation was not changed, just the formatting of the 





Figure 3.5: Aerial View of CART 2 testing site 
 
The acoustic test measurement equipment is used to get levels of overall sound 
pressure level with a low level of uncertainty. Siemens provided the use of their 
calibrated microphone equipment for performing these measurements. Likewise, 
developing and deploying a large acoustic array is an expensive task which NREL was 
in the process of pursuing during this project. The use of that array on the CART 2 was 
a very useful tool to locate the sound sources emitting from the turbine. Even with these 
generous donations of equipment and turbine use, the main cost was associated with 
the aerial access needed to physically change the blade configuration. For the first part 
of the experiment the aerial access was provided by a grant from the Colorado 
Research and Education in Wind (CREW) consortium. The final blade changes were 
paid for by the NWTC at NREL. 
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During testing there are several factors that contribute to getting good quality 
data. The first and most important is the proper wind conditions. Wind speeds of 6 – 15 
m/s at hub height were the most important range for these investigations. Winds speeds 
over 15 m/s are past the peak noise level of the turbine. The wind induced noise also 
increases more quickly in these higher speeds which increase the level of background 
correction added to the time series acoustic measurements. The likelihood of having 
these winds under dry conditions is limited to a small number of total hours every year. 
In addition the four new industrial scale turbines located around the NWTC site also 
needed to test during those times as well as testing on the CART 3. For noise testing, it 
was not possible to make measurements when anything other than the GE turbine to 
the north of the site was running. 
 
Initially running the turbine was possible by the author but as soon as the turbine 
controller was converted to LabView, one of the controls engineers from NREL was 
required to run the machine during the noise tests to make sure it did not develop an 
instability and begin running in an operation that would cause physical damage to the 
machine. This also reduced the hours of possible times where testing could take place. 
 
Installing the trailing edge modifications require access from 50 to 120 ft in the air 
and was only achieved through the use of an aerial lift. There were also safety 
constraints that needed to be applied while the machine was in normal operation as 
these devices were installed to the blade in a manner that they could be removed. In 
addition, there was some early concern that they may not remain attached to the blade 
while under operational loads.  
 
Isolating the turbine noise with external noise sources was also a substantial 
challenge. Near the CART 2 is the test shed which houses the NREL field technicians 
and is busy with cars and trucks coming and going throughout the week days. A few 
miles to the east a small regional airport sometimes influences measurements when 
airplanes fly over the wind center. In addition to these sources the other turbines on site 
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and other certain site activities also needed to be observed in order to eliminate data 
that was contaminated with these external sources. 
  
Whenever working with electrical systems, isolating electrical noise is always a 
challenge. It is even more of a challenge in the electromagnetically induced field caused 
by the generator and power electronics of a power generating system. For this reason 
the acoustic measurement systems was electronically isolated from the turbine 
measurement system and precautions to shield electrically induced noise such as using 
LEMO cables and high quality measurement systems was employed.  
 
3.5 Experimental Test Matrix  
The project goals for this experiment are focused around the evaluation of the 
trailing edge brushes. In Michaela Herr’s work, she looked at several different trailing 
edge brush fiber diameters and trim lengths in the wind tunnel at the German National 
Laboratory, DLR [36. 38]. This was done with a single row or layer of brushes. For 
practical considerations a limited number of trailing edge configurations can be tested 
using the field measurement approach outlined above.  
 
The following sections outline the testing configurations that were looked into in 
this project.  A brief look at sharpening the trailing edge was investigated followed by a 
parametric study of the dependence of brush length on trailing edge noise.  
 
3.5.1 Sharpening Trailing Edge 
Initial tests have been done on effects of sharpening the trailing edge of the 
CART 2, which has relatively thick trailing edges. On the outer third of the blade, the 
trailing edge thickness ranges from 1.0 – 1.3% of local chord.  In order to reduce the 
noise level due to trailing edge interactions of the boundary layer and bluntness noise, 
sharpening “tacos” were applied to the trailing edge (TE) of the blades, as seen in figure 
3.6. This has the benefit of creating blade trailing edge geometries that are more 
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consistent with modern wind turbine design (TE thickness to chord ratios of under 
0.2%). 
 
The trailing edge thickness was changed for the outboard 35% or 7.5 m of the 
blade. At the tip the TE thickness was reduced from 7.6 mm (0.30”) down to 1.5 mm 
(0.06”). This TE sharpening treatment continues inboard to 65.5% radius where the TE 
thickness was reduced from 16 mm (0.63”) down to 1.5 mm (0.06”). The sharpening 
treatments of the trailing edge tapered down at a 30 degree wedge (+/-15 degrees off 
the center line) to the new sharpened trailing edge. This had the effect of extending the 
chord of the airfoil as well as sharpening it. The chord extends 11.4 mm (1.5% of 
original chord) at the tip side of the span to just over 27 mm (2.2% of original chord) at 








 The sharpening tacos were applied to the surface of the blade and the transition 
between blade surface and applied trailing edge taco was covered with an aluminum 
tape. This created two small forward facing curved ramps on both the pressure and 
suctions sides of the trailing edge. Each ramp had and approximate radius of ~ 1 mm. 
This method allowed for modification of the trailing edge without needing to make any 
modifications to the blade structure or surface finish. 
3.5.2 Trailing Edge Brushes  
Unlike the brushes tested at the DLR, the brushes installed on the CART 2 are a 
packing of 0.67 mm diameter brush fibers. The packing was 2.4 mm in thickness. This 
thickness results from 4 rows of fibers stacked with an overlapping pattern. This is an 
important difference from any other brushes that have been tested experimentally as 
they offer a different level of porosity across the trailing edge of the blade depending on 
the amount of aerodynamic load they are experiencing. The fibers are bound in a metal 
channel which was bonded to a 50.8 mm (2 inch) wide piece of 0.4 mm thick sheet 
metal used as a flange for mounting the brushes to the blade trailing edge.  Figure 3.7 
shows the installation of the brushes on the pressure side of the CART 2 blades.  
 
 




Like the sharpened trailing edges, the brushes were installed covering a 7.5 m 








# 1 15%* chord 0.67 mm 
# 2 10% chord 0.67 mm 
# 3 5% chord 0.67 mm 
 
 Table 3.3: Brush length test matrix  
 
The brush fiber length will be evaluated for acoustic and power performance. 
Table 3.3 shows the tested brush fiber lengths. It should be noted that *15% chord 
brush length was only truly 15% of the local chord for the outboard 60% of the span 
treated with the brushes.  The brush trim on the inboard 40% of the span was 
maintained at 152.4 mm (6 inches), but as the chord of the blade increased, the local 
chord length of the brushes decreased from 15 to 12.5% at the inboard edge of the 
treated span. 
 
Unlike other brushes that have been investigated in the wind tunnel [36], the 
brushes installed on the CART 2 and testing in this study had a much denser packing of 
brushes. Michael Herr had test pieces manufactured with brushes only one layer thick. 
The brushes used in this investigation are 4 layers of dense fibers at the root. The 
analyses in the next chapter will look at the effectiveness of using more densely packed 







MEASUREMENT AND MODELING RESULTS 
 
The acoustic and aerodynamic performance of the different trailing edge 
configurations is the main focus of this chapter. The results for the acoustics and 
aerodynamic performance will be evaluated.   
4.1 Baseline CART 2 Acoustic Measurements  
The first field tests were made in October 2010 on the CART 2. As discussed 
earlier, the CART 2 has a very thick trailing edge outboard which is unusual in modern 
wind turbine blade design, so the initial measurements were made to evaluate the 
effects of sharpening the trailing edge (TE) to a more common TE thickness of around 
1.5 – 2 mm (~ 0.2% chord).  
 
Figure 4.1: Baseline Sound Pressure Levels vs Hub Height Wind Speed 










Raw data for Baseline case












Figure 4.1 is the scatter plot of the 10 second averages for the acoustic data 
gathered when the turbine was in its baseline configuration with no trailing edge add-
ons. The blue points are turbine acoustic data (with background noise) and the red 
points are the background noise measurements when the turbine was shutdown.  
 
 
Figure 4.2: Background Corrected Sound Power Level vs Wind Speed for Baseline 
configuration 
 
 This data was separated into half meter per second wind speed bins and 
averaged to allow for the background corrections to be performed. The measurements 
were made with 60 - 75% of the acoustic data with the turbine running and the other 
remaining 40 - 25% with the turbine shut down to measure background noise levels. 
Then the background noise data, show in red in figure 4.1, was logarithmically 
subtracted from the turbine operational data to get the background corrected turbine 
sound pressure levels.  From these values and the measurement distance of 56.5 m 
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directly downwind of the turbine, the sound power level, LwA, was calculated. Figure 4.2 
shows the background corrected sound power levels for the baseline configuration.  
 
 The points are the mean values for each wind speed bin and the error bars show 
the 95% uncertainity. The peak binned background corrected sound power level for the 
baseline case is 112.0 dBA at an average wind speed of 12.2 m/s. When applying a 4th 
order regression, the curve fit peaks in the same bin at 111.7 dBA at a wind speed of 
12.4 m/s. When looking at the third octave bands, a better understanding of the sound 
quality can be gained. The one-third octave frequency spectra for each 1 m/s bins from 
6 to 14 m/s is presented in figure 4.3.  
 
 For the lower wind speed bins, there are three specific tones that pop out of the 
spectra. For the 6 m/s bin the primary tone is at 800 Hz with a secondary tone at 250 Hz 
and a third tone at the lower harmonic of 125 Hz. The 125Hz tone is most likely related 
to the electrical components of the turbine such as the transformer. The 800 Hz tone is 
in the range of the meshing frequencies within the gearbox of the machine but it is hard 
to say for sure if there is an influence from the aeroacoustic sources without looking at 
the other configurations. The secondary tone increases with increasing wind speed, 
until the blades pitch out at rated power, which indicated that it is dependent on rotor 
speed. The broadband aeroacoustic noise, from 300Hz to 3 kHz, increases with 
increasing wind speed and by 9 m/s the mechanical tones are masked by the increasing 
aeroacoustic noise.  
  
There is a general rise at most frequencies above 300 Hz as the winds continue 
to the peak level at 12 m/s, with a larger increase in the 1-2 kHz bands. As the winds 
continue to increase and the blades begin to pitch out to control the torque on the rotor, 
the 800-1000 Hz peak was maintained, but the frequencies above 1 kHz drop off 
quickly. This can also be seen if the sound pressure levels are viewed with respect to 




Figure 4.3: Baseline Measurement One-Third Octave Frequency Analysis of Sound 
Pressure Level  
 
 As the blades begin to pitch out the boundary layer weakens and thins resulting 
in the blade producing less lift and subsequently less aeroacoustic noise. The pressure 
side turbulent boundary layer (PSTBL) is thinner than the suction side turbulent 
boundary layer (SSTBL) which results in higher frequency acoustic emission from the 





















































































































Figure 4.4: Baseline Sound Pressure Level with respect to Low Speed Shaft RPM and 




Figure 4.5: FASTNoise Simulation for Baseline CART 2 Configuration 









































































From the FASTNoise simulations generated for the CART 2 operating in 10.48 
m/s wind speed, seen in figure 4.5, the PSTBL is centered around 1.5 kHz and is the 
dominant noise source in this part of the frequency spectrum. Both turbulent boundary 
layer noise sources would decrease if the angle of attack of the tip region was reduced 
which is a direct result of pitching out in higher wind speeds. 
 
4.2 Sharpened Trailing Edge Acoustic Measurement 
 For the sharpened trailing edge configuration it was expected that the noise 
would be reduced for all of the airfoil self noise mechanisms associated with the trailing 
edge where the treatments were applied. When looking at the overall sound power 
levels in figure 4.6, there is a trend of lower acoustic levels for the same wind speeds.  
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 The peak binned value is 111.5 dBA at a wind speed of 12.8 m/s. This is 0.5 dB 
lower than the max binned average for the baseline case, but the 4th order regression 
shows a peak value of 110.9 dB at 12.85 m/s, which is 0.8 dB lower than the peak 
regression value for the baseline case. More importantly there is over 1 dB reduction for 
most of the wind speed bins below the peak values. This is an important finding as this 
is when the turbine noise will be masked the least by the broadband background wind 
noise. For some of the wind speeds, such as the 5.75 m/s centered bin for the sharp 
case, the uncertainty in the measurement is very high. This is due to a small number of 
samples in the bin and the increased sensitivity of the lower wind speeds to random 
noise contamination.  
 
  When looking at the third octave band frequencies shown in figure 4.7, the 
same mechanical and electrical peaks are present in the low wind speeds; however, the 
broadband peak from 400-4000 Hz was reduced, especially when looking at the 9 and 
10 m/s wind speeds.  
 
 One feature that is worth noting is the behavior of the secondary tone at 300 Hz. 
The sharpening of the trailing edge pushes that tone down in magnitude and down in 
frequency, especial for the higher wind speeds. When looking at wind speed from 11 
m/s and higher, there is also a trend for broadband noise reduction for frequencies 
below 1 kHz when compared to the baseline case. As seen in figure 4.5, SSTBL and 
separation noise peaks just below 1 kHz. With a chord extension coming from the 
trailing edge additions, the Reynolds number should increase, which will have an effect 
on the boundary layer formation. The transition between the taco and the blade was a 
smooth curved ramp with a 1 mm radius of curvature. On the pressure side of the airfoil, 
this ramp is constricting the flow more than the original airfoil would, which results in a 
shrinking of the boundary layer and an increase in the acoustic emission frequency. Of 
more concern would be the effect this ramp had on the suction side turbulent boundary 
layer of the blades. The SSTBL will be more affected by the ramp than the PSTBL. As 
seen in figure 4.5, the SSTBL noise is a larger contributor to the overall aeroacoustic 
emissions than the PSTBL noise. This is due to the fact that the suction side boundary 
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layer near the trailing edge is typically rather thick, compared to the pressure side, and 
the presence of the ramp could perturb the flow into trailing edge separation, possibly 
leading to eventual stall and additional noise generation.  There was no contribution in 
the lower frequencies, which indicated that separation and/or stall was not being 
exacerbated by the presence of the attachment transition ramp. 
 
Figure 4.7: Sharpened TE Compared to Baseline Measurement One-Third Octave 




















































































































The trend seen here would indicate that the suction side boundary layer is 
thinner at the trailing edge and might remain attached further downstream than the 
baseline case. There is also the possibility that the sharpening of the trailing edge is 
affecting the circulation around the airfoil as the pressure recovery zone at the trailing 
edge is smaller due to the thinner trailing edge itself. 
 
For the FASTNoise simulation, seen in figure 4.8, the bluntness noise source is 
reduced considerable by sharpening the TE. The most dramatic reduction in noise 
levels from the simulation is in the 800 Hz – 2kHz range. This is also seen in figure 4.7 
for 6 -11 m/s wind speed bins. This would indicate that the trailing edge sharpening 
treatment is effective at reducing the bluntness noise. 
 
 

















































 When looking at the pitch values for the sharpened trailing edge case seen in 
figure 4.9, it appears that the turbine controller was actually set to run at 1 degree less 
aggressive pitch until it hit the pitch control region of the power curve when compared 
with figure 4.5. This would provide a possible explanation for the shift in the noise curve 
for most of the lower wind speeds and cloud the assessment of the sharp trailing edge 
performance in mitigating noise generation. It has been stated by Klung that 1 degree 
reduction in angle of attack will reduce the sound power level by 1 dBA [54]. From 
experience of the author, typically if the blade is not experiencing stall, a half dB 
increase in overall sound power level could be expected for a 1 degree more aggressive 
pitch setting.  
 
 
Figure 4.9: Sharp TE Sound Pressure Level with respect to Low Speed Shaft RPM and 
Blade Pitch Angle 
 
 With this change in pitch settings, it is hard to say exactly what the effect of the 
trailing edge sharpening treatment was. It looks to be marginally effective with a 
reduction on the order of 0.3 dB over the baseline case, but without further 
measurements in this configuration no specific conclusions can be made. When 
comparing figure 4.9 with the baseline LSS RPM and blade pitch angle seen in figure 
4.4, it is apparent that there is a slight reduction in acoustic levels for the same RPM 






























and pitch values. This is most visible around 40 rpm and near the 0-2 degree pitch 
value.  
4.3 Brushed Trailing Edge Acoustic Measurement 
 The primary motivation of this study was to evaluate the performance of trailing 
edge brushes on a wind turbine in the operation. Figure 4.10 shows the noise curves for 
all the TE configurations tested in this study.   
 
Figure 4.10: Sound Power Level Measurements for All Trailing Edge Configurations 
 
 Regardless of brush trim length there is a 4-5 dB reduction at lower wind speeds 
over the baseline configuration. The acoustic benefit decreases as the wind speeds 
increase and at the peak apparent sound power levels, the longer brush trim is most 
beneficial to the noise reduction of the blades depending on wind speed. The acoustic 
benefit decreases in effectiveness as wind speed increased for all cases. For the 
longest brush case, 15% chord, the peak binned value is 111.3 dBA at 12.7 m/s, but the 
peak regression value in the same wind speed bin is 110.3 dBA. That is 1.4 dB off the 



































baseline measurement peak value. When the wind speeds were lower, the trailing edge 
brush performance was much better. At the 6.7 m/s wind speed the 15% chord brushes 
were 4.9 dB lower than the baseline measurements. The trend of the measurements 
show that for all wind speeds under 12 m/s the longest brushes (15% chord) were the 
most effective at reducing the acoustic emissions of the blades. This trend continues 
until rated power when the 10% brush begins to outperform the 15% brush acoustically. 
The difference between the 10% and 15% chord brush lengths is within the error margin 
of the measurement. This would suggest that the optimal brush length for acoustic 
mitigation is between 10% and 15% of local chord. 
 
 For a brush length of 10% chord, the peak binned value is 110.5 dBA at 12.7 m/s 
with a peak regression value of 110.2 dBA at 12.5 m/s. That was the best performing 
brush length with a 1.5 dB reduction at peak levels. For the lower winds speeds, the 
10% chord brushes were performing just over 5 dB quieter acoustically than the 
baseline blade. 
 
  The 5% chord brush length shows similar performance to the rest of the brushes, 
but has a peak binned value of 111.9 dBA at 12.3 m/s near the baseline peak value. 
This seems to be outside of the general trend for the 5% chord brushes which is 
reflected in the 4th order regression with a value of 111.0 dB at 12.6 m/s. When looking 
at the trends for the regression through the binned data points, the 5% brushes reduced 
the baseline noise levels from 1.0 dB – 4.9 dB depending on wind speed.   
 
 The 15% chord brush results were presented at the 2013 Wind Turbine Noise 
conference in Denver, along with the baseline and sharp TE configurations [53]. A wind 
speed offset in the 15% chord brush case was seen because data from the nacelle 
anemometer was used in that analysis, which typically measures below the free stream 
wind speed due to rotor induction and blade passage. This oversight has been 








Figure 4.11: All TE Configuration Measurement One-Third Octave Frequency Analysis 





















































































































 Looking at the spectral content of the brushes in figure 4.11, the first conclusion 
that can be drawn from the results is that the peak in the 800 Hz band of the lower wind 
speeds is reduced but still prominent. This tone is due in part from the teeter 
mechanism within the nacelle [44]. The mechanical tone, associated with the teeter 
noise is most prominent in the 6 and 7 m/s wind bins. As the rotor increases speed, the 
mechanical peak begins to be masked by the broader aeroacoustic peak centered 
around 1 kHz. When looking at the higher wind speed cases, the 10% chord brushes 
are consistently outperforming the 15% chord brushes in the 1 kHz – 3 kHz region.  
 
 The general trend, especially at the lower wind speeds where the OSPL 
reduction is the greatest, shows a broadband reduction exposing some mechanical 
tones from the machine. Since the trailing edge is the most significant change to the 
system and the reduction is substantial, it can be concluded that multiple noise sources 
associated with the trailing edge are being reduced. It also becomes clear from looking 
at the spectra that the effectiveness of the brushes decreases as the wind speeds 
increase. One contribution to this reduction in effectiveness is more than likely due to 
brush self noise.  
 
  
Figure 4.12: Sound Pressure Level vs Blade Pitch and Low Speed Shaft (LSS) RPM for 
10% chord brush length 






























 Figure 4.12 confirms that the turbine for all brush cases was running with the 
same pitch settings as the baseline, unlike the sharp trailing edge configuration. The 
sound pressure level vs. blade pitch and low speed shaft rpm plots for the 5% and 15% 
chord brush are located in the appendixes.  
 
4.3.1 Brush Self Noise  
Upon the first measurement of the TE brushes, an interesting observation was 
made. There was a very prevalent wave structure that would form on the brushes. This 
wave is a result of the three dimensional affects the flow experiences on the rotor due to 
the centripetal acceleration acting on the flow through the boundary layer. With very 
large machines, the operational rpm is low to keep the tip speeds low enough to meet 
the noise design constraints for the turbine. The centripetal acceleration scales with the 
square of the rotational speed, so on a smaller machine, such as the CART 2 the g-
loading exceeds 43 times the force of gravity at the blade tips. To better investigate the 
size and nature of the wave formation seen in the brushes, an on-blade camera 
measurement technique was developed so that video clips could be taken from the 
blade reference view in operation. The camera pod was located at the 75% radius 
location which experienced a 33 g acceleration.  
 
In figure 4.13, the black lines are spaced 10 cm apart. The trim length in this 
figure was 10% of local chord. In this frame, the brushes farthest to the right are 
approximately 10.8 cm (4.25 inches) in length decreasing from right to left to just under 
7.6 cm (3 inches) at the blade tip. The span seen in the frame is outboard most 5.3 m of 
the blade. The tip is at the upper left corner of the figure. 
 
During this investigation, the turbine was overrated in low wind speeds, between 
3-5 m/s, and the turbine was motored from 20 - 43 rpm in 5 rpm steps (excluding the 
last step to max rpm). There is very little activity until the higher rotational speeds for 
this trim length, but as the rotor increased in speed the brushes became very lively and 
the wave had a tendency to move outboard toward the blade tips. For the runs that 
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were performed, the brushes seemed to come in and out of normal patterns of wave 
formations. At certain times, standing waves could be seen. Other times waves would 
move towards the root area but for the vast majority of time the waves were translating 
towards the blade tips. The reason this is important is that the brushes were observed 
to make noise as they rubbed against each other, especially at higher rotational speeds.  
 
 
Figure 4.13: Wave Formation on TE Brushes Due to Unsteady Flow 
 
 It should be noted that although this is representative, this is not video taken in 
normal operation, so rotor wake interaction could have played a role in the behavior of 
the brushes.  It was hoped that some useful audio could be gained from the microphone 
in the camera pod on the blade, but the pod itself generated such high levels of noise 
that it masked any noise the brushes could have been making. In order to get some 
idea about the tone quality of the brushes and the possible contribution they would have 
on the overall sound levels, two sections were cut down to a characteristic brush length 
and they were brushed against each other in a controlled laboratory measurement 
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setting. The results of the brushed self noise are presented in figure 4.14. The results 
have been normalized to a max level of 0 dB relative acoustic sound pressure level. The 
overall contribution to the overall sound pressure level would require more testing, but 
for all brush lengths the measured spectra of the brush self noise measurements 
suggest that the sound quality of the acoustic emissions is independent of brush length. 
For all brush lengths the dominate noise emission are above 1 kHz. 
 
 
Figure 4.14: Brush Self Noise Spectra 
 
It should be noted that the brushing mechanism used to generate the self noise 
was not the actual process that the brushes undergo which cause them to create noise. 
This measurement was performed only to get an estimate of the expected frequencies 
the brushes are emitting when they are brushed together. The noise is very broadband 
in nature with a smooth, broad peak spanning 1 kHz – 10 kHz. This is a fairly high 
frequency on the audible spectrum and these frequencies would attenuate from the 














































observer level that was farther than 56.5 m away from the tower, the brush self noise 
would most likely not be much of a problem. The benefits that are seen in the lower 
frequency ranges, below 1000 Hz, that travel greater distances without attenuating 
substantially in air would most likely be more noticeable at a greater measurement 
distance.  
 
4.4 Aerodynamic Implications from TE Treatments 
 The implications that the brushes have on the power performance of the machine 
is an important factor that must be considered for their overall use as a noise mitigation 
device. One of the big questions on the aerodynamic performance is what kind of drag 
penalty would be expected with a 15% chord brush hanging off the trailing edge. 
Without performing wind tunnel tests, there are only a couple of things that can indicate 
how the performance of the machine is changing. This would include looking at how the 
power curve shifts and a significant change in the blade loading from the root bending 
moments. 
 
4.4.1 Power Curve Measurements 
Similar to the IEC noise standards, the IEC have also defined a standard for 
power curve validation. The standard requires an independent meteorological tower 
upwind of the turbine with hub height anemometers, which the CART 2 fortunately has. 
This is done because the induction and wake of the main rotor will distort the wind field 
moving around the nacelle where the nacelle anemometer is located. The induction of 
the rotor will reduce the wind speed 0.5 – 2 m/s depending on the size and speed of the 
rotor so the nacelle measurement is not reliable for this type of testing.  
 
The certification process depends on the convergence of wind speed values 
within specified wind speed bins. These bins are 10 minutes averages due to the 
propagation delays from the met tower to the turbine and even at a site with good 
testing winds it can often take 3 months or more to get a good power curve. This time 
frame and data collection is not realistic for this investigation, but some conclusions can 
62 
 
be drawn from the trends of the power curve values collected during the acoustic 
testing. The results of this can be seen in figure 4.15. 
 
 
Figure 4.15: Binned Power Curve Measurements for all TE Cases 
 
The CART 2 controller tries to maintain 600 kW of main shaft mechanical power. 
There are several losses in the conversion from mechanical power to line power at the 
transformer. The mechanical power gets transferred through the gearbox, bearings and 
couplers which all take some power from the system. The generator and electrical 
converter have some electrical losses also resulting in total losses of 10-15% in the 
whole system before the power is sent to the grid. The power transducer has a 
measurement accuracy of +/- 6 kW or 1% or rated power.  
 
  At the lower wind speeds the line power measured for all cases is about the 
same. The longer brushes seem to give a performance boost with the 10% and 15% 


























m/s. This is on the order of a 25% power increase, but the 95% confidence margin of 
the measurements was also on the order of 25% of the 100 kW being generated. It 
would indicate that the brushes are acting as a flap that is generating additional lift 
without significant drag in lower wind speeds.  
 
As the wind speeds increase towards rated power there is an increase in the 
power loss for the brushed TE configuration also. This loss seems to correlate to the 
brush length as the 15% brush shows the greatest reduction at the knee of the power 
curve.  At 13.7 m/s, the line power for the turbine is 469.14 kW (+/- 70.5 kW). The 
baseline configuration produces 545.9 kW (+/-20.6 kW) at the same wind speeds, which 
is a reduction of 14%. More measurements would be necessary to confirm this loss of 
production, but the performance loss would be very detrimental to the AEP and resulting 
revenue the machine would generate. This is maybe due the fact that more air will be 
pushed through the brushes the stronger the pressure gradient across the trailing edge 
gets. That would result in an increase in drag force and a decrease in lift as the brush 
appears more porous to the flow. 
 
The shorter the brush is, the less effective it is at low wind speeds, but it seems 
to maintain performance at the higher wind speeds. The 5% and 10 % brushes appear 
to perform similarly in most wind bins. This is interesting considering how dramatic the 
performance loss seems to be for the 15% brushes.  
 
4.4.2 Root Bending Moment 
The root bending moments can also indicate what aerodynamic changes have 
occurred. The edgewise and flapwise stresses on the airfoil can be used to estimate the 
aerodynamic load on the turbine. The out-of-plane loads relate to the flapwise bending 
moments seen in figure 4.16. The blade with the trailing edge brushes show that the 
brushes seem to reduce the flapwise root bending moment for all wind speeds but are 
most effective from 7 – 10 m/s. The sharp and baseline case are on top of each other 




Figure 4.16: Flapwise Root Bending Moment for Blade 1 and 2 
 
 A similar trend is seen in blade 2 and blade 1 for the flapwise root bending 
moments. The magnitude is slightly larger, but the overall trends seem to indicate a 
reduction in flapwise root bending moments.  The edgewise blade loading will also need 
to be looked at to get a better idea of the actual aerodynamic performance. Figure 4.17 
show the edgewise blade root bending moments for blade 1. The edgewise root 
bending moments are related to the forces along the chord.  
 
The edgewise root bending moments for Blade 1 show that the short brushes 
reduce edgewise bending slightly and that the long brushes increase them. This would 
be consistent with the increased drag that would be expected from the brushes. There 
is an interesting drop in the edgewise bending moment that occurs at the 13 m/s wind 
speed region. The 15% brushes drop from over 70 kN-m to 52 kN-m in one half m/s bin. 
In the same wind bins, the flapwise root bending moments also have a rather large 
relative drop from 422 to 384 kN-m. This could be indicative of a flow state change in 
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the performance of the brushes, perhaps when they become more porous or when a 
wave forms on the brush fibers themselves. 
 
Figure 4.17: Edgewise Root Bending Moment for Blade 1 and 2 
 
When looking back at the noise measurement spectra in figure 4.10, the spectra 
around the 13 m/s bins show an increase in noise from 1 – 3 kHz range which is 
consistent with the frequency expected to be generated by the brushes themselves. 
Unfortunately the edgewise root strain gauge failed by detaching from the blade in the 
10% chord brush length. For this reason, the 5% brush data was not be shown in this 
graph. 
 
4.5 Conclusions from Acoustic and Aerodynamic Results 
The results from the aerodynamic indicators and acoustic measurements on the 
turbine show some interesting results. The acoustic sound power level emission is 
reduced with the application of trailing edge brushes by an overall sound power levels 
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from 1.4 – 5 dB, depending on wind speed. They perform best acoustically in low wind 
speeds regardless of length.  
 
The aerodynamic performance of the brushes is much more dependent on the 
length. In general, the indications in power curve and root bending moments would 
indicate a decrease in lift forces over drag forces on the wind turbine blade making the 










ECONOMIC CONSIDERATIONS OF NOISE REDUCTION 
 
Wind turbine developers and owners have many decisions that will influence 
what machine they buy and where those machines are installed. Of these most are 
associated with direct costs or are related to revenue generation but there is also the 
consideration of the impact these machines has on the residents living near them.  Of 
these influences one if the most impactful on the near neighbors is the acoustical noise 
the machines generate.  
 
Developers have to abide by local noise ordinances which can vary significantly 
depending on where in the world the machines are being installed. This is a major 
deciding factor in any location project due to the site-specific nature of the individual 
installations and the challenges associated with working with different cultural 
expectations and perceptions of wind turbines. Often times these perceptions are 
different for many residents living near or in the wind turbine parks before and after the 
installations.  
 
 The change in perception of residents or mistakes made in proper siting of the 
machines can cause the wind park operators to curtail certain machines in order to 
abide by their contractual obligations to the community or a specific noise ordinance 
itself. This curtailment can have some very real economic penalties associated with lost 
production or possible restitutions to the residents if the law is being broken.  
 
 On the opposite side, if proper siting is done and new control techniques or 
aeroacoustic devices become available to reduce the turbine design noise level, 
operators could benefit from increased annual energy production and revenues from 
increasing the output of the turbine by spinning the main rotor faster, which is usually 
constrained in the design process due to the noise considerations. 
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  This chapter will discuss the economic impacts that acoustics has on the 
revenue potential of a given wind turbine. Although the brushes showed noise 
reductions of up to 5 dB in the low wind speeds, the acoustic performance near rated 
power is less effective. The brushes also have a detrimental effect on the aerodynamic 
performance of the turbine. The analysis performed in this chapter investigates the 
impact of having an acoustic mitigation device with up to 4 dB of noise reduction 
potential that would have no effect on the aerodynamic performance of the blades. The 
first case investigates what kind of penalty would result from operating in a noise 
curtailed mode to abide by noise emission ordinances. The second case looks at the 
economics opening up the design space and using any acoustic benefit achieved by 
aeroacoustic devices and applying them to increase power production and increase 
blade length to increase the annual energy production on a specific turbine location.  
5.1 Mitigating Acoustic Curtailment 
 Curtailed noise operation could be imposed for any number of reasons but it 
would almost always be used to appease the neighbors who live in the audible vicinity 
of the machines. Different countries have different standards regarding the noise 
emission levels of wind turbines. Often these regulated noise levels are different from 
night to day and certain countries, such as the Netherlands, have defined a LLEN 
defining an average sound level for a day, evening and night measurements. The 
differences in day and night time requirements for noise levels may require that the 
turbines are operated differently than designed for some or all of a given period of the 
day.  
 
 In this section two forms of noise mitigation will be discussed. The economic 
consequences of these mitigated levels of operation and the benefits of each additional 
dB of noise reduction applied to the baseline 600 kW CART2 turbine will also be 
explored.  
 
The baseline measurement on the CART2 with no add-ons peaked at 111.7 dB 
at about 12.5 m/s wind speed. The turbine has a rated max RPM of 43 and a rotor 
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radius of 852 inches (21.64 m). At peak sound power level, around 12 m/s wind speed, 
the tip speed of the blades is 98.2 m/s. Using a similar low fidelity noise prediction 
formula as Hagg based on tip speed of the blades, Vtip, and the rotor diameter, D, a 
comparison of different tips speeds and rotor diameters can be compared for different 
acoustical benefit [45].  
 
4log10log50 1010 DVL tipWA  
 
Equation 5.1: Estimation of A-weighted Sound Power Level based on Hagg [45] 
 
The quantity of 4 dB is a scaling constant and this may vary depending on the 
blade design and operation of the turbine. For large turbines with high solidity rotors, it 
would be expected that the Reynolds numbers would decrease, resulting in thinner 
boundary layers on the blade and a lower overall aeroacoustic sound level, although 
noise levels are also show to be proportional to chord length [21]. For lower solidity 
blades, the airfoil chords will be much smaller which would resulting in the blade airfoil 
sections needing to operate at higher lift coefficients to generate the same lift that a 
larger chord could generate. This will result in thicker boundary layers and it would be 
expected that the noise levels would increase. The example of blade solidity is just one 
of the many possible design tradeoffs which can change how much noise is generated 
by the blades. In order to match the 111.7 dB baseline measurement, the constant of 4 
dB in equation 5.1 needs 4.27. Therefore, for the following analysis, the sound power 
level was calculated using: 
 
27.4log10log50 1010 DVL tipWA     
 







5.1.1 Tip Speed Curtailment 
The tip speed of the blades is the primary driver of the overall sound power level 
being emitted, as the sound level is generally accepted as being proportional to the 5th 
power of the local flow velocity. For this reason the most likely curtailment mode that 
would be employed by a governing body to enforce a noise ordinance would be to limit 
the tip speed of the blades to a curtailed top speed which would be lower than the 
normal operational tip speed of a machine. By deregulating the machine and reducing 
the overall tip speed of the machine, the noise emitted from the blades is greatly 
reduced just before and through the rated wind speed region, however there is a 
significant portion of the annual energy production (AEP) that is sacrificed if the 
machine is never allowed to operate at its full capacity. This type of curtailment is 
effective at reducing the noise levels around the knee of the power curve, but is not 
necessary at higher wind speeds as the background noise levels increase with an 
increase in wind speed. 
 

























Figure 5.1 shows the reduction on the power curve that would need to take place 
in order to reduce the peak noise level. Figure 5.2 shows the lost AEP expected from 
reducing the rated speed of the turbine. The annual energy production are calculated 
assuming a Rayleigh wind speed distribution, 100% availability and no losses due to 
electronics, drivetrain or any other loss factors affecting production.  
 
Figure 5.2: AEP loss from Rotor Speed Derating 
 
If a 4 dB reduction was needed to be compliant, the AEP would drop from the 
baseline of 2332 MWh to 2114 MWh for an 8.5 m/s average wind speed site, which 
would be considered a high wind speed site. This is 218 MWh of unrealized production 
which at a $50 per MWh power purchase price would cost the turbine owner $10,900 
per year (loss of 9.3% AEP).  
 
 This type of tip speed curtailment is effective at reducing the peak noise levels 
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wind speed is relatively high, 8-10 m/s, the loss of power and corresponding production 
revenue decreases and it may make more sense to have an alternative curtailment 
scheme. For low wind sites, this type of curtailed operation would have very little effect 
on the overall AEP. At an average wind speed of 6.5 m/s, the AEP reduced from 1429 
MWh down to 1349 if a 4dB reduction is required (5.6% reduction in AEP).  
 
5.1.2 Offset Curtailment 
 In an effort to produce as much energy possible, while abiding by a curtailed 
noise setting, an alternative mode of curtailment could be employed. The peak apparent 
noise levels happen around the knee of the power curve just as the machine is hitting 
rated power production. As the turbine enters Region 3 operation, it begins to pitch the 
blades to regulate the amount of thrust and subsequent torque being generated on the 
main rotor. In Region 3 operation, the tip speed of the rotor is maintained to achieve 
maximum power production on the generator. This means that the turbine noise level 
does not continue to increase as wind speeds increase past rated power. The 
background noise levels do increase as the wind speeds increase so the apparent noise 
level emitted by the wind turbine actual decreases past the knee of the power curve.  
 
 By imposing a wind speed offset to the power curve, the apparent noise levels 
would decrease for all wind speeds until the turbine reaches rated power. A power 
curve offset curtailment would allow the wind turbine to hit rated power at a slightly 
higher wind speed and would allow the turbine to be operated at rated power for most of 
its designed pitch. This would be done to reduce noise level for a specific wind speed. 
Certain regulations such as are seen in the Danish Standards requires the turbine to 
meet certain criteria for noise standards at two specific wind speeds, 6 m/s and 8 m/s. 
This means that the turbine rotor speed could be increased at higher wind speeds to 
increase energy capture. This type of noise reduction is effectively the same thing as 
shrinking the blade size down. The controller would actually run at a less aggressive 
pitch angle and therefore, for a given wind speed the turbine would be creating less 
torque than if operating at design pitch angle. Figure 5.3 shows the shift of the power 
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curve that comes from reducing the rotor diameter. The fidelity of this analysis is 
acoustically the same as operating with a reduction in pitch.   
 
 
Figure 5.3: Power Curve Shift for Wind Speed Offset Curtailment 
 
Figure 5.4 shows the lost AEP expected from reducing the rated speed of the 
turbine. The loss of AEP at 8.5 m/s average wind speed is 302 if 4 dB reduction is 
needed. This equated to a loss of $15,100 per year (13% reduction in AEP).  
 
 Unfortunately the local regulations will have a large impact on which curtailment 
control option would be most beneficial to become compliant. In reality, the most 
optimum solution would be to combine the two strategies to suit the individual case that 
needs to be addressed. This would result in a customized power curve that could meet 


























Figure 5.4: AEP loss for Power Curve Offset Curtailment 
 
5.2 Opening Design Constraints from Acoustic Innovation 
Realizing the original design potential for a given wind turbine at a given site by 
maintaining design noise levels is an advantage that comes from using aeroacoustic 
mitigation devices. The blades are the single most important component for increasing 
the AEP of a machine while possibly allowing a manufacturer to avoid redesigning any 
other major component. This is because the power available to capture in the wind is 
directly proportional to the square of the blade length.  
 
The power in the wind for a given area is: 
23
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1 RvP  
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1 RvCP P  
  
An increase in blade length will result in increased swept area and a shift down in 
the power curve, meaning that the wind turbine can produce the same power but at 
lower wind speeds. This results in an increased AEP of a given machine, but this result 
is dependent on the wind speed distribution. There are two important design constraints 
that would limit how much larger a blade could get and how fast the tip speeds would 
need to be. In order to avoid redesigning a gearbox for a specific machine, the rotational 
speed of the main rotor would need to stay approximately the same. This would ensure 
that the torque in the main shaft and gearbox are not pushed to the point where damage 
of the components would occur. It would however mean that the tip speeds of the 
blades would increase as the blade length increases. Therefore, the torque limits would 
be the primary constraint to how fast the turbine would spin.  
 
The second design constraint would be the blade loads. Although there may be 
some other constraints such as blade stiffness and tip-tower clearance, the blade 
loading will increase the quickest with an increase in blade length and usually for cost 
saving purposes these machines are designed with a very small margin for extra loads. 
5.2.1 AEP and Revenue Benefit from Tip Speed Increase 
If the CART2 used the same sized blades and maintained the same mainshaft 
torque but was able to increase the turbine rpm and run at higher output powers, with 
perhaps a retrofit generator, larger energy production could be expected for a site.  
 
Table 5.1 shows the tip speed change and the resulting increase in power output 
assuming a constant torque is maintained in the mainshaft. The SPL Baseline is the 
base level that the dB reduction is applied to. For this case, the Diameter (D) is 





RPM Increase (Constant Rotor D) 
  
CART 2 
baseline -1dB -2dB -3dB -4dB 
 
RPM 43.0 44.7 46.5 48.2 50.1 
Vtip (m/s) 98.2 102.1 106.1 109.8 114.1 
D (m) 43.3 43.3 43.3 43.3 43.3 
Power 
(kW) 600.0 624.2 675.1 756.2 880.6 
 
Table 5.1: Turbine Design Parameters for Increasing RPM  
 
 Figure 5.5 shows the shift in power curves for each additional dB of reduction of 
aeroacoustic noise being used to increase the tip speed of the blades. Depending on 
the average wind speed and distribution at the site where the turbine is located, the 
annual energy production (AEP) increases as seen in figure 5.6. 
 



























 At 8.5 m/s annual mean wind speed, the expected energy production 
assuming 100% availability would increase from 2332 MWh per year to 2806 MWh per 
year from a use of 4 dB to increase the rotor speed and capture more power. At a 
power purchasing price of $50 per MWh supplied, this difference would equate to 
$23,700 per year of additional revenue for the turbine owner. If the mean wind speed 
were 10 m/s, the AEP would increase from 2877 MWh per year to 3630 MWh per year, 
resulting in a $37,650 increase in revenue to the turbine owner. 
 
Figure 5.6: AEP from Tip Speed Increase  
 
As most of the hours in the year are spent around the average, and there is no 
change in the power produced by the machine until after 10 m/s wind speed, the value 
from increasing the rotational rate of the machine probably would not pay for the retrofit 
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5.2.2 AEP and Revenue Benefit from Rotor Growth 
If the generator remained the same and the gearbox could handle the additional 
torque from slowing down the rotor to maintain a constant tip speed, the blades could 
be lengthened to try to increase the ability of the turbine to capture more power in lower 
wind speeds. Table 5.2 shows the increase in rotor diameter to achieve higher tip speed 
allowed by the specified noise reduction. 
 
Rotor Growth (Constant Tip Speed, Constant Power) 
  
CART 2 
baseline -1dB -2dB -3dB -4dB 
 
RPM 43.0 34.3 27.2 21.6 17.2 
Vtip (m/s) 98.2 98.2 98.2 98.2 98.2 
D (m) 43.3 54.7 68.8 86.7 109.1 
Power 
(kW) 600.0 600.0 600.0 600.0 600.0 
 
Table 5.2: Turbine Design Parameters for Rotor Growth 
 


























 Figure 5.7 shows the shift in the power curve seen from maintaining the rated 
power of the machine but increasing the blade length. The blades increase to 54.7 m 
diameter for the -1 dB case and 68.8 m for the -2 dB case. The AEP for this scenario 
can be seen in figure 5.8. 
 
 
Figure 5.8: AEP from Rotor Growth 
 
The loads on the machine scale up with the rotor diameter and it is not practical 
to increase the rotor diameter over 2 times the original size without changing the 
generator capacity. For this reason only 2 dB noise reduction has been used when 
looking at increased rotor size. Having larger blades makes a much more dramatic 
change to the AEP increases. For 8.5 m/s average wind speed, the AEP increased from 
2332 MWh to 3347 MWh if only using 2 dB noise reducing devices. This results in an 
increase of $50,750 in revenue for the turbine owner if a 2 dB noise reduction device 
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The constraints for designing individual components of modern wind turbines are 
highly coupled to the design limits of the other components. It is a highly integrated 
design where an increase in blade length will generate larger torque and root bending 
moments requiring a larger hub and mainshaft to take the load. The gearbox is typically 
limited to a specific torque limit and rotational speed which is influenced by the 
generator, main rotor input and many other components. It is critical that the individual 
components are optimized to work efficiently with other parts of the turbine. 
5.2.3 AEP and Revenue Benefit from Increased Tip Speed and Rotor Growth 
The benefits from increasing the rotational speed and increasing the generator 
capacity were seen to increase the higher wind speed power production. When the 
blade length increased, more power is captured at low wind speed but without an 
increased capacity on the generator to run at higher power outputs, no benefit can be 
achieved after rated wind speeds.  
 
In order to maximize AEP, the optimal solution is to increase the rotor size and 
increase the rated power of the machine. Table 5.3 shows the parameters used to 
calculate the benefit of increasing rotor size and the resulting increase in tip speed and 
power assuming a constant mainshaft rpm. Figure 5.9 shows the benefit of each 
additional dB reduction when increasing the rotor size and increasing the tip speeds of 
the blades. 
 




baseline -1dB -2dB -3dB -4dB 
 
RPM 43.0 43.0 43.0 43.0 43.0 
Vtip (m/s) 98.2 102.2 106.2 110.3 114.7 
D (m) 43.3 49.0 54.7 61.8 68.8 
Power 
(kW) 600.0 624.5 675.5 759.2 886.7 
 





Figure 5.9: Power Curve Increases from Rotor Growth and Tip Speed Increase 
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The AEP change for this senario is seen in figure 5.10. At a 8.5 m/s mean wind 
speed, the AEP increases from 2332 MWh for the baseline to 4344 MWh per year 
resulting in an increase of $100,600 per year. This is an increase of 86% in AEP and 
revenue vs the baseline turbine. 
 
5.3 Machine Loads and Cost Considerations  
While using an acoustic trailing edge device to reduce noise does not come for 
free. The primary tradeoff for using larger blades or higher rotational speeds comes in 
the form of increased loads on the blades which result in higher loads on many other 
components, such as the pitch bearing, mainshaft, baseplate, and all the way down to 
the foundation. To account for these additional loads, components need to be designed 
with larger load carrying capacity which will increase the cost of the individual 
components as well as the cost of transportation and installation of these components. 
This section will look at the additional costs of increasing the rotor size. 
 
5.3.1 Load Costs Resulting from Bigger Blades and Higher Power Rating 
Two important design loads that will be considered in this section are the peak 
static root bending load and peak static thrust the rotor experiences. Naturally both 
loads will increase with increased blade length. Referring to table 5.1, the baseline rotor 
thrust will increase 31.4% when increasing the rated power from 600kW to 880.6 kW. 
Likewise, the root bending moment increases 30% due to the increased rotational 
speed and subsequent centrifugal loading.  
 
When looking at the case of increasing the rotor size summarized in table 5.2, 
there is a much more dramatic increase in both loads. When looking at the -2 dB case 
the rotor increased from 43.3 m diameter to 68.8 m. This 59% increase in rotor size 
results in a 64.5% increase in rotor thrust and a 166% increase over the baseline case 
in blade bending moment. This large increase in loads, especially with respect to the 




The most practical case is illustrated in table 5.3, where the rotor size is increase 
with the rated power of the machine. Looking at the -4 dB case, the thrust increases 
112.7% and the blade moment is increased 244%. Although these loads are significant, 
the increase power production is also significant with the AEP almost doubling from 
1898 MWh to 3728 MWh for an average wind speed of 7.5 m/s  
 
5.3.2 Turbine Capital Costs and Cost of Energy  
The deciding factor for any investor when deciding whether to invest in wind 
energy projects is to evaluate the overall cost of energy (COE) they can expect to see. If 
the cost of the machine, supporting infrastructure or capital for the project is too high 
then the investor will be unable to make a profit on their investment. Although certain 
investors will participate in renewable energy infrastructure projects because they 
believe it is the right thing to do morally for the future, large scale investment will not 
happen until the renewable energy projects offer a similar rate of return as comparable 
investments in traditional forms of energy production such as coal or natural gas. 
 
NREL researchers have developed a cost and scaling model for determining the 
viability of investment for wind energy projects [46]. The model takes into account many 
factors for onshore turbine installations. The CART 2 is a relatively small machine for 
current industrial projects, however this section will look at the change in the turbine 
capital costs and resulting cost of energy assuming an onshore cost model. For this 
analysis the fixed cost rate of investment is set to 9.5% with a $4000 per year land 
lease cost [52]. 
 
When looking at maintaining the rotor size, but increasing the rated power of the 
baseline CART 2 in table 5.1, most of the components do not change in cost, but there 
is a significant increase in the cost of the electronics, gearbox and generator for the 
turbine. The turbine capital costs increase from $494,000 and a COE of $0.0463 per 
kWh for the baseline case to $614,000 and a COE of $0.0508 per kWh for sites with an 




When looking at pure rotor growth, the electronic components costs do not 
increase but there is a large cost in most of the major components such as blades, hub, 
tower and foundation. There will also be an increase in the transportation and 
installation costs for these larger parts. When using the -2 dB case in table 5.2 the 
turbine capital costs increase to $851,000 reducing the COE to $0.0440, but in this 
case, it would actually be more economically efficient to only use 1 dB of reduction 
increasing the rotor to 54.7 m in diameter. With this case, the turbine capital costs only 
increase $130,000 to $624,000 total resulting in a COE of $0.0429. 
 
The case in table 5.3 with an increase in machine power rating and increased 
rotor diameter seems to be the best compromise to reduce the overall COE. Table 5.4 
is an extension of table 5.3 showing the turbine capital costs and COE. 
 
Rotor Growth and Faster Tip Speed (Constant Main Shaft RPM) 
  CART 2 baseline -1dB -2dB -3dB -4dB 
RPM 43.0 43.0 43.0 43.0 43.0 
Vtip (m/s) 98.2 102.2 106.2 110.3 114.7 
Rotor Diameter (m) 43.3 49.0 54.7 61.8 68.8 
Power (kW) 600.0 624.5 675.5 759.2 886.7 
Turbine Capital Cost 
(x$1000) 494 564 656 796 974 
COE @ 7.5 m/s WS 
($/kWh) 0.0463 0.0441 0.0430 0.0424 0.0422 
 
Table 5.4: Turbine Capital Costs and COE for Increase Rotor Diameter and 
Power Rating 
 
As expected, when increasing the rotor size and power rating of the turbine there 
is a regular increase in the cost of the machine resulting from increased costs from most 
of the components and cost associated with installation. When looking at the AEP 
increase for this case, in figure 5.10, the AEP for increasing the both the rotor diameter 
and power rating increase the energy production of the machine dramatically resulting 
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in a trend of reduced COE for bigger and bigger machines. In table 5.4, the COE 
reduces from $0.0463 to $0.0422 when using a 4 dB reduction in the blade noise.  
 
Typical power purchase prices for wind energy are around $50 per MWh or $0.05 
per kWh. This means that increasing the size of the baseline CART 2 from a 43.3 m 
diameter, 600kW turbine to a 68.8 m diameter, 886.7 kW machine will result in a net 
annual revenue increase of over 414%, from $7023 to $29,078. This would explain the 
ongoing trend in industrial wind turbine design of increasing the machine rotor size and 
power rating. Although the machine costs increase significantly, the increase in annual 
energy production and the resulting revenues more than make up for the additional 






CONCLUSIONS AND FUTURE WORK 
 
 The analysis performed was intended to look at the effectiveness of the trailing 
edge brushes as a noise mitigation device. Based on the length of the brushes and the 
wind speed, they decreased the baseline turbine noise emission level by 1.0 – 5.0 dB 
for all lengths. When aerodynamic indicators such as power curve reduction and root 
bending moments are considered the brushes have a detrimental effect on the 
aerodynamic performance of the blades. Additionally, the brushes are adding significant 
drag on the treated airfoil sections of the blade. Overall the 10% chord brush appears to 
have the best blend of noise reduction effectiveness with limited effect on aerodynamic 
performance. There is also no apparent trend to the parametric variation in the brushes 
which suggests the optimal length brush for noise reduction is between the 5% and 15% 
chord lengths. 
  
 The brushes were most effective at lower wind speeds where the turbine level is 
the most apparent vs the background noise level. This could be used to reduce the 
noise levels in low average wind sites where larger rotors may be installed. They may 
also be a solution for reducing the sub 1 kHz aeroacoustic emissions if a disturbance is 
measured over greater distances than were used as reference in this study [43].  
 
 When looking at the economic side of the use of up to 4 dB noise reduction, it 
was seen that the cost of energy is lowest when the noise reduction innovation, such as 
the trailing edge brushes, is used in combination with increasing both the rotor size and 
generator capacity. This would be consistent with the continuing trend of wind turbine 
generators to getting and larger with the world’s largest Vestas V164-8.0 MW machine 
operated in January of 2014. All these investigations have led to list of future work that 





6.1 Future Work 
 
- Long distance measurements synchronized with reference position 
measurements for comparison of how the sound pressure field changes as it 
propagates 
- Flow vizualization over the blade to better characterize if the blade 
separation/stall behavior. Stall phenomena can increase the sound power levels 
2-3 dB and it should be checked to make sure this is not happening on the blade, 
and if so, try to prevent it through the use of suction side vortex generators or so 
other aerodynamic device used to keep the flow attached to the blade surface 
- Tip study: The reduction of the tip noise would seem to be most useful to make 
the next noise reduction jump on the CART 2. Using the GE study as a reference 
[32], transforming the tip into a more unloaded sharpened tooth would probably 
help reduce sound power levels several dB. This may not be not be as important 
as most modern industrial scale turbines have tips similar to the optimum shape 
found by GE 
- Comparison of brushes to serrations which have also been shown to reduce 
noise by 3.2 dB 
- Acoustic array measurements to look at the effectiveness of the brushes and see 
if we could reduce or increase the span to better optimize the noise reduction – 
power performance balance. Comparing these measurement to a BEM model of 
the blade noise could be helpful in determining the optimal span coverage 
- Integrate noise measurements with forward facing LIDAR to get a better idea of 
the inflow conditions hitting the blade and their impact on noise creation and 
propagation  








[1] Danish Energy Agency, http://www.ens.dk/en-
US/Info/FactsAndFigures/Energy_statistics_and_indicators/Energy_Industry_Ana
lysis/Sider/Forside.aspx, accessed March 15, 2014. 
  
[2] Van den Berg, Frits, “Why is Wind Turbine Noise Noisier than other Noise?”, 
Euronoise 2009, Edinburgh, Scotland.  
 
[3]  Health Canada, http://www.hc-sc.gc.ca/ewh-semt/consult/_2013/wind_turbine-
eoliennes/index-eng.php, accessed March 15, 2014. 
 
[4] Pinder, J.N., “Mechanical Noise from Wind Turbines.” Wind Engineering, Vol. 16, 
no. 3, pp. 158-168, 1992. 
 
[5] Blake, W.K., “Mechanics of Flow-Induced Sound and Vibration, Vol. II: Complex 
Flow Structure Interactions. Academic Press Inc., Harcourt Brace Jovanovich, 
Publishers, pp. 426-973, 1986. 
 
[6] S. Wagner, R. Bareiss, G. Guidati, “Wind Turbine Noise“, European Commission, 
EUR 16823, Springer-Verlag Berlin Heidelberg, 1996. 
 
[7] Lighthill, M.J., “On Sound Generated Aerodynamics, I. General Theory.” 
Proceedings of the Royal Society of London. Series A, Vol. 211, pp. 564-587, 
1952. 
 
[8] Lighthill, M.J., “On Sound Generated Aerodynamically, II. Turbulence as a 
Source of Sound.” Proceedings of the Royal Society of London. Series A, Vol. 
222, pp. 1-32, 1954. 
 
[9] Lighthill, M.J., “The Bakerian Lecture, Sound Generated Aerodynamically.” 
Proceedings of the Royal Society of London, Series A. Vol. 267, pp. 147-182, 
1962. 
 
[10] Powell, A. “Mechanisms of Aerodynamic Sound Production.” AGARD Report 
466, April 1963. 
 
[11] Powell, A. “Theory of Vortex Sound.” Journal of the Acoustical Society of 
America, Vol. 36, No. 1., pp. 177-195, January 1964. 
 
[12] Blake, W.K. “Mechanics of Flow-induced Sound and Vibrations, Vol. I: General 
Concepts and Elementary Sources.” ACADEMIC Press Inc., Harcourt Brace 




[13] Ffowcs Williams, J.E., Hawkings, D.L. “Sound Generated by Turbulence and 
Surfaces in Arbitrary Motion.” Philosophical Transactions of the Royal Society of 
London, Vol. 264, No. A 1151, pp. 321-42, May 1969.  
 
[14] NWTC Design Codes (NAFNoise by Pat Moriarty). 
http://wind.nrel.gov/DesignCodes/simulators/NAFNoise/. Last modified 12-April-
2006; accessed 5-Nov-2010.  
 
[15] Ffowcs Williams, J.E.; Hall, L.H. “Aerodynamic Sound Generation by Turbulent 
Flow in the Vicinity of a Scattered Half Plane.” Journal of Fluid Mechanics, Vol. 
40, No. 4, pp. 657-670, 1970. 
 
[16] MacDonald, H.M. “A Class of Diffraction Problems.” Proc of the London 
Mathematical Society, Vol. 14, No. 2, pp. 410-427, 1915. 
 
[17] Lowson, M.V. “Assessment and Prediction of Wind Turbine Noise.” Flow 
Solutions Report 92/19, ETSU W/13/00284/REP, pp. 1-59, December 1992. 
 
[18] Grosveld, F.W. “Prediction of Broadband Noise from Horizontal Axis Wind 
Turbines.” Journal of Propulsion and Power. Vol. I, No. 4, pp. 292-299, July 
1985. 
 
[19] De Wolf, W.B. “EEN Predictiiemethode Voor Het Aerodynamische Gelduid Van 
Windturbines Met horizontale AS.” NLR TR 87018 L. pp. 1-55, December 1986. 
 
[20] Glegg, S.A.L., et. al. “The Prediction of Broadband noise from Wind Turbines.” 
Journal of Sound and Vibration, Vol. 118, No. 2, pp.217-239, 1987. 
 
[21] Brooks, T.F., Pope, D.S., Macolini, M.A. “Airofil Self-Noise and Prediction” NASA 
RP1218, pp1-137, July 1989. 
 
[22] Bareiss, R, Guidati, G. Wagner, S. “An Approach Towards Refined Noise 
Predictionof Wind Turbines” Proc. of the European Wind Energy Association 
Conf. and Exibition, Thessaloniki, Vol. 1, pp.785-790, October 1994. 
 
[23] Bertagnolio, F.; Madsen, H.; Bak, C. “Experimental Validation of TNO Trailing 
Edge Noise Model and Application to Airfoil Optimization” European Wind Energy 
Association Conf. and Exhibition. 2009, RISO National lab 2009. 
 
[24] Parchens, R. “Progress Report DRAW, A Prediction Scheme for Trailing Edge 
Noise Based on Detailed Boundary-Layer Characteristics.” TNO Report, HAG-





[25]  NWTC Design Codes (FAST by Jason Jonkman, Ph.D.). 
http://wind.nrel.gov/DesignCodes/simulators/fast/. Last modified 5-Nov-2010; 
accessed 5-Nov-2010. 
 
[26] Oerlemans, S.; Fisher, M.; Maeder, T.; Kogler, K. “Reduction of Wind Turbine 
Noise using Optimized Airfoils and Trailing-Edge Serrations” AIAA Aeroacoustics 
Conference 2008, AIAA-2008-2819, 2008. 
 
[27] Klug, H. et al “Aerodynamic Noise from Wind Turbines and Rotor Blade 
Modification.” Joule II, Project JOU2-CT92-0233, Final Report, DEWI-V-950006, 
November 1995. 
 
[28] Hayden, R.E.; Aravamudan, K.S. “Prediction and Reduction of Rotor broadband 
Noise.” No.1, pp. 61-87, May 1978.  
 
[29] Jakobsen, J.; Anderson, B. “Aerodynamic Noise from Wind Turbine Generators: 
Experiments with Modification of Full Scale Rotors.” Danish Acoustical Institute, 
EFP j.nr. 1364/89-5 JOUR-CT 90-0107, pp. 1-97, June 1993. 
 
[30] Braun, K; et al “Investigation of blade tip modifications fro acoustic noise 
reduction and rotor performance improvement” Final Report, JOUR-CT90-0111 
and JOU2-CT92-0205, Institut fur Computer Anwendungen (ICA), University of 
Stuttgart, 1995. 
 
[31] Stechow, L.; Betke, K.; Schultz-von Glahn, M.; Klug, H. “Musseng der 
Schallabstrahlung von Rotorblattern in Windkanal” Proc. 2 Deutsche 
Windenergie Konferenz, Wilhelmshaven, 1994. 
 
 
[32] Petitjean, B.; et al “Wind Turbine Blade Noise Mitigation Technology”,Fouth 
International Meeting on Wind Turbine Noise, Rome, IT. Proceedings, April 2011.  
 
[33] Larwood, S.; Zuteck, M. “Swept Wind Turbine Blade Aeroelastic modeling for 
loads and dynamic behavior.” AWEA Windpower 2006 Proceedings, 2006. 
 
 
[34] Howe, M.S. “Noise Produced by a Sawtooth Trailing Edge.” The Journal of the 
Acoustical Society of America , Vol. 90, No. 1, pp 482-487, July 1991. 
 
[35] Braun, K. A., et al.: “Noise Reduction by Using Serrated Trailing Edges.” JOULE 
III project investigating Serrated Trailing Edge Noise (STENO), NLR 1997. 
 
 
[36] Herr, M.  “Experimental Study on Noise Reduction through Trailing Edge 




[37] Schepers, et al. “SIROCCO: Silent Rotors by Acoustic Optimization” Presented 
at the 2nd International Meeting on Wind Turbine Noise, Lyons, France 
September 2007, ECN technical paper ECN-M—07-064.  
 
 
[38] Herr, M. “Experimental Investigations in Low-Noise Trailing-Edge Design” AIAA 
Journal Vol. 43, No. 6, June 2005. 
 
[39] Gruber, Mathieu, et al. “An experimental investigation of novel trailing edge 
geometries on airfoil trailing edge noise reduction”, 19th AIAA/CEAS Aeroacoustic 
Conference, May 2013. 
 
 
[40] International Electrotechnical Commision’s: IEC 61400-11 “Wind Turbine Noise 
Systems: Acoustic Noise Measurement Techniques” third edition, 2012-2015. 
 
 
[41] Schepers, J. et al. “SIROCCO: Silent Rotors by Acoustic Optimisation.” Second 
International Meeting on Wind Turbine Noise, Lyon, France, Sept 2007. 
 
 
[42] van der Berg, N.; Andersen, B.; Jakobsen, J. “Noise from Wind Turbines” final 
report of JOULE II project JOU2-CT92-0124, Netherlands Energy Research 
Center report ECN-C-95-036, April 1995. 
 
[43] ISO 9613-2, “International Standard: Acoustics – Attenuation of sound during 
propagation outdoors”, AR-Interim-CM, 1996. 
 
[44] Buck, S.; Palo, S.; et al. “Acoustic array design for wind turbine noise 
measurements” 5th International Conference of Wind Turbine Noise 
proceedings, Aug 2013. 
 
[45] Hagg, F.; van der Borg, N.; Bruggeman, J.; et al. “Definite Aero-Geluidonderzoek 
Twin.” Stork Production Engineering B.V., SPE 92-025, April 1992. 
 
[46] Fingersh, L.; Hand; et al. “Wind Turbine Design Cost and Scaling Model.” 
Technical Report NREL/TP-500-40566, Dec 2006. 
 
[47] Herr, M. et al, “In Search of Airworthy Trailing-Edge Noise Reduction Means,” 
17th AIAA/CEAS Aeroacoustics Conference, AIAA-2011-2780. 
 
[48] Gruber, J. et al. “An experimental investigation of novel trailing edge geometries 
on airfoil trailing edge noise reduction.” 19th AIAA/CEAS Aeroacoustics 




[49] Lowson, M. “The Sound Field for Singularities in Motion.” Proceedings of the 
Royal Society of London, Series A, Volume 286, 1965. 
 
[50] Amiet, R. “Acoustic Radiation from an Airfoil in a Turbulent Stream.” Journal of 
Sound and Vibration. Volume 41, April 1975. 
 
[51] Amiet, R. “Effect of the Incident Surface Pressure Field on Noise due to 
Turbulent Flow Past a Trailing Edge.” Journal of sound and Vibration, Volume 57, 
1978. 
 
[52] Personal Communications, Ben Maples, National Renewable Energy Laboratory 
(NREL), February 2014. 
 
[53] Asheim, M. et.al, “Aeroacoustic Noise Mitigation Investigation for Wind Turbine 
Blades.” 5th International Conference on Wind Turbine Noise, Denver, 2013. 
 
[54] Klung, H. et al “Aerodynamic Noise from Wind Turbine and Rotor Blade 
Modifications.” JOULE II, Project JOU2-CT92-0233, Final Report, DEWI-V-
9500006, November 1995. 
 
[55] Bowdler. D., Leventhall,G. “Wind Turbine Noise.” ISBN 978-1-907132-30-8, 



































Raw data for Sharp TE case
























Raw data for 5% Brushes case























Raw data for 10% Brushes case





























Raw data for 15% Brushes case






















Sound Pressure Level vs Blade Pitch and Low Speed Shaft (LSS) RPM for 15% chord 
brush 
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